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Modification of natural prairie grasslands into irrigated and rainfed agriculture in 
the Great Plains produced significant impacts on regional weather and climate including 
temperatures, precipitation, energy fluxes, and the planetary boundary layer (PBL) 
atmosphere. The Great Plains Irrigation Experiment (GRAINEX) during the 2018 growing 
season collected data over irrigated and non-irrigated crop fields to further understand 
these impacts.  
The data were collected during two intensive observation periods (IOPs) in early 
June (IOP 1: 30 May – 13 June of 2018) and late July (IOP 2: 16 July – 30 July of 2018). 
The data analyzed include latent (LE) and sensible (H) heat fluxes, air temperature, dew 
point temperature, specific humidity, equivalent temperature (moist enthalpy) which 
were assessed using ground based sensors, PBL and lower tropospheric development 
which was assessed using radiosonde data. In addition, near surface soil moisture data 
were used to model root zone soil moisture utilizing Wang et al. (2017) Exponential 
Filter Model.  
 
 
 
Results show increased partitioning of energy into latent heat compared to 
sensible heat over irrigated areas.  It is particularly noticeable during IOP 2 when, on 
average LE was about ~15 W m-2 higher than H. At the same time, average maximum air 
temperature decreased by ~2.75 °C from IOP 1 to IOP 2. Implementation of the Wang 
et. al (2017) Exponential Filter Model indicated periods of notable drying and wetting 
throughout the site profiles reflective of an increase in water use by plants and rain or 
irrigation events. Radiosonde data suggest reduced PBL heights at all launch sites from 
IOP 1 to IOP 2 with larger changes over irrigated areas (up to ~812 meters). Compared 
to IOP 1, lifting condensation level (LCL) heights were also lower during IOP 2 over 
irrigated areas. In addition, six one-day case studies were completed to further 
understand land-atmosphere (L-A) interactions in the context of irrigated and non-
irrigated land uses. They further corroborate IOP-wide results.  
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CHAPTER 1 
INTRODUCTION  
 According to the Intergovernmental Panel on Climate Change Special Report 
(2019), observed average global land surface temperatures during the 2006-2015 
decade were 1.53 °C higher than the 1850-1900 period. This global temperature 
increase and changes in precipitation patterns have notably caused shifts in growing 
seasons as well as fluctuations in the surface hydrologic cycle and expected crop yields 
(IPCC, 2019; Hatfield and Prueger, 2015; Linderholm, 2006). This is just one of many 
examples of how dramatically the global climate has changed within the past century. 
The reason for these changes has been linked to anthropogenic activities. The most 
common attribution of climate change is the emission of carbon dioxide (CO2) into the 
atmosphere through the operations of industries, agriculture, and other socio-economic 
activities (Solomon et al., 2008; Pielke et al., 2007; Gullison et al., 2007). There are other 
human caused impacts pertaining to climate change that have received less attention 
including the alteration of prairie and range land into agricultural land, over grazing of 
natural rangeland and deforestation. 
  A significant amount of research regarding land use and climate interactions and 
impacts associated with deforestation have been conducted over the last several 
decades (Shukla et al., 1990; Zang and Henderson-Sellers, 1996; Zeng et al., 1996). 
Deforestation has been linked to a net warming in the tropics and net cooling in the 
mid-latitudes as well as changes in surface albedo. Regardless of high global 
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deforestation rates, more recently, forest growth, afforestation and reforestation have 
observed positive trends (Nagendra and Southworth, 2010). At the same time 
aggressive, large-scale transformation of the North American Great Plains have taken 
place (Mahmood and Hubbard, 2002) assisting in the 240% increase in cereal crop 
production since 1961 by means of large-scale agriculture operations (IPCC, 2019). This 
unprecedented transformation is viewed as necessary to support human societies with 
little regard for its impacts on weather and climate, among others.  
 The Pioneers of the Great Plains believed that “rain follows the plow” (Charles 
Dana Wilber, 1871) and although this has proven to be partially true given the role that 
land use land cover change (LULCC) has on modulating regional weather and climate 
(Pielke et al., 2011; Mahmood et al., 2010, 2014; Pielke et al., 2016), the quantification 
of these impacts were not studied in detail until recently (Szilagyi and Franz, 2020). 
Climate variables impacted include surface short and longwave radiation and 
atmospheric turbulence, which impacts momentum, heat, water vapor and carbon 
dioxide fluxes (Pielke et al., 2011). These impacts are further exacerbated by the 
widespread adoption of irrigation.  Large scale irrigation has become an important part 
of the agriculture sector, especially within the United States where water resources are 
readily accessible. Estimates show that 76% of land used for agriculture in the High 
Plains Aquifer (HPA) region of the south-central U.S. (Nebraska, Kansas, Oklahoma, 
Texas, Wyoming, Colorado and New Mexico) is irrigated (by county) (Mahmood et al., 
2014). With the addition of significant amounts of excess moisture being introduced 
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into an already modified system (i.e., LULCC), notable impacts on the normal climate are 
to be expected. Pielke et al. (2016) noted that a change in the climate can be broken 
down into a simple perturbation or forcing that causes variables to fluctuate from their 
normal state. These variables include temperatures, precipitation, and heat fluxes 
contributing to the system’s energy balance.  Regional climate tends to deviate from 
global trends due to faster and more extreme variations in water and energy fluxes 
(Kang et al., 2011) associated with land surface processes (Seneviratne et al., 2006).  The 
increased application of water associated with irrigation practices modifies energy 
partitioning by reducing sensible heat flux, increasing latent heat flux (Mahmood et al., 
2017) and suppressing maximum air temperature values (Huber et al., 2014; 
Diffenbaugh, 2009). An increase in latent heat flux is directly related to an increase in 
evapotranspiration (Pielke et al., 2007). An increase in evapotranspiration directly 
relates to moisture sequestered near the Earth’s surface. With the introduction of 
irrigation, a general cooling in daytime air temperatures has been observed over 
irrigated regions (Mahmood et al., 2014; Mueller et al., 2016; Alter et al., 2017; Mueller 
et al., 2017; Gameda et at., 2007).  
 To better understand the impacts of LULCC on near surface environmental 
conditions and energy exchange, several field campaigns have been conducted (e.g., 
LeMone et al., 2007).  To further improve upon these findings, the Great Plains Irrigation 
Experiment (GRAINEX) was conducted in southeastern Nebraska (Figure 1.1). This is the 
first field campaign solely focused on impacts of irrigation on Land-Atmosphere (L-A) 
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interactions. Southeastern Nebraska is a region where non-irrigated agricultural land 
transitions into a significant and widespread irrigated agricultural land (Mahmood and 
Hubbard, 2002; Adegoke et al., 2003; Lawston et al., 2015; Kukal and Irmak, 2018). The 
goal of this study was to collect and analyze data in regions of 
 
Figure 1.1: Map of the GRAINEX study area in southeast Nebraska. Data collection sites 
consisted of the twelve, integrated surface flux system sites (ISFS), two, integrated 
sounding system sites (ISS), three Doppler-on-Wheel deployment locations (DOWS), and 
the seventy-four Environmental Monitoring, Economical Sensor Hubs (EMESH) deployed 
by the University of Alabama in Huntsville. In addition, irrigation fraction and the Big 
Blue River are mapped to separate regions of irrigated and rainfed agriculture.  
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irrigated and rainfed agriculture in Southeastern Nebraska during the growing season of 
2018 (late May through early August). The current research analyzed latent and sensible 
heat flux, near surface air temperature and moisture variables (dew point temperature, 
specific humidity), and radiosonde data to determine the impacts of irrigated and non-
irrigated land uses on the near surface atmosphere and planetary boundary layer. In 
addition, an Exponential Filter Model produced by Wang et al. (2017) is applied for 
estimation of root zone soil water content (SWC). 
 The following chapters provide background of this study (Chapter 2), discuss 
data and methodology (Chapter 3), results from the GRAINEX project (Chapter 4), and 
finishes with conclusions (Chapter 5). 
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CHAPTER 2 
BACKGROUND 
 Anthropogenic modifications resulting in changes to energy, water and 
momentum fluxes between land and atmosphere have both large and small scale 
climate change implications (Bonan, 1999). These contributions account for 
approximately 10-15% of CO2 concentration increases in the atmosphere (Ciais et al., 
2013). To fully understand how land use land cover change impacts the climate, we 
must consider both the biogeophysical and biogeochemical effects. The biogeophysical 
effects include modification to the environmental energy balance, the water budget and 
radiation balance (Pielke et al., 1998; Findell et al., 2007). Biogeochemical effects 
include the redistribution of nitrogen and carbon from land to atmosphere (Mahmood 
et al., 2016). The two are interconnected in the sense that biogeochemical fluxes 
depend on the biogeophysical characteristics (Pielke et al., 2017). For the purpose of 
this research, we will be focusing on biogeophysical impacts associated with LULCC.  
 Biogeophysical impacts are linked to the physical alteration of the landscape 
such as deforestation, urbanization, and conversion of rangeland to agriculture. As 
alluded before, changes in vegetation type and coverage area have a direct 
biogeophysical effect on climate through modifications to albedo and heat fluxes 
(Strandberg and Kjellstrom, 2018). Biogeophysical effects are difficult to quantify due to 
their dependency on local and regional characteristics such as soil moisture and type, 
available water for evapotranspiration, vegetation, snowpack, season length and 
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countless more (Strandberg et al., 2014; Alexandru and Sushama, 2016; Pielke et al., 
2017). The following sections will discuss major areas of LULCC and their impacts on 
near-surface atmospheric variables.  
 
2.1 Deforestation 
 Global and regional vegetation distribution significantly influences the mitigation 
of greenhouse gas emissions (Canziani and Benitez et al., 2012). Broadleaf and pine 
forests are one of the largest global carbon dioxide sinks (McGuffie, 1995) and rapid 
deforestation measures are aggressively reducing the sequestered CO2 levels and 
increasing atmospheric CO2 levels (Gitz and Ciais, 2004). Throughout the 1990s, an 
annual estimate of 1.5 billion metric tons of carbon, nearly 20% of the anthropogenic 
caused emissions, were released into the atmosphere (Gullison et al., 2007). 
Deforestation changes forest canopy cover, which allows for the preservation of soil 
quality and limits erosion from heavy rainfall events, directly impacting the hydrologic 
cycle by slowing and filtering surface runoff (Canziani and Benitez et al., 2012). 
 A larger number of research studies have been conducted in this area including  
field campaigns and modeling studies (e.g. Shukla et al., 1990; Silva et al., 2006; Sampaio 
et al., 2007; Medvigy et al., 2011; Moraes et al., 2012), which have brought to light new 
information about the impacts of deforestation on regional and global climates. Results 
from these studies suggest that deforestation creates higher surface albedo (i.e. and 
overall cooling effect), but this cooling is insignificant in comparison to the magnitude of 
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deforestation linked greenhouse gas induced warming (Forster et al., 2007; Brovkin et 
al., 2013).  It is noted that reducing the global rate of deforestation is the most cost-
effective option for long term climate change mitigation (Stern, 2006).  
 As the global demands for food and resources increase, so do biogeophysical 
impacts. A major driver causing these changes to take place is the assumed economic 
benefits that in many cases are nullified by the mitigation work following the 
destruction of the natural landscape (Mahmood et al., 2016). Some of the world’s most 
extensively forested regions (i.e. Central and South America) have suffered greatly due 
to increases in the demand for agricultural goods and services (Canziani and Benitez et 
al., 2012). These demands have forced unprecedented levels of deforestation. Large 
expanses of forests in the tropics and the eastern portion of the United States, as well as 
tall grass prairies in the Great Plains, have been replaced with agricultural land (Bonan, 
1999). The conversion of cleared areas into major agricultural crop operations has 
resulted in warmer and drier local conditions (Hahmann and Dickinson, 1997). Below we 
provide further discussions on the impacts of agriculture on weather and climate. 
 
2.2 Agriculture 
 Success in the agricultural sector is highly dependent on weather and climate 
variability (Hayes and Decker, 1996; Anita et al., 2010; Challinor et al., 2014; Meijl et al., 
2018). Climate is most widely viewed as an external forcing when assessing its role in 
agriculture (Pielke et al., 2007). Within the past century, the global expansion of 
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agriculture (and more specifically, in the Great Plains and Midwest regions of the United 
States) has taken place at an unprecedented rate (Adegoke et al., 2007). Natural forest 
and prairie systems have been cultivated to support the ever-growing global food 
demand but, until recently, the magnitude at which these LULCC shifts have impacted 
and are impacted by seasonal climatic variability was unquantified.  
 Continually, farmers must adapt to changes in growing season length and the 
number of growing degree days to ensure profitable crop production (Pielke et al., 2007; 
Anita et al., 2010). In addition, various biogeophysical properties are changed when 
vegetation modification takes place. These variables include but are not limited to, 
albedo, surface roughness, root zone depth soil moisture, soil quality, and leaf area 
index. The growing season albedos of crop and grass fields are relatively similar (Oke, 
1987), but during the winter months when croplands expose bare soil, areas with full 
year native vegetation have higher albedos (Bonan, 2002). Both irrigated and non-
irrigated crop land have taller vegetation (i.e. higher surface roughness) with broader 
leaf areas than native prairie grasses (Chase et al., 1999; Paruela et al., 2001; Bonan, 
2002). Furthermore, moisture fluxes over agricultural crops are greater than grassland 
systems. This effect is even more pronounced with irrigated croplands (Chase et al., 
1999).  
 Observed influences on climate and weather patterns related to these variables 
have been noted over a range of spatial and temporal scales (Adegoke and Carleton, 
2000). In the Great Plains of North America, increases in growing season air 
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temperatures and decreases in precipitation have been notably impacting crop growth. 
To ensure that the plants have sufficient moisture and yields are consistent from year to 
year, the use of irrigation has been heavily implemented. Due to the great expansion of 
irrigation throughout the North American Great Plains, a further analysis of L-A 
interactions linked to significant moisture flux via irrigation must be discussed.  
 
2.3 Irrigation 
 Irrigation has the potential to alter what was once unsuitable land for agriculture 
into highly fertile lands capable of growing a large range of crop types (Decker et al., 
2017). As the need for more agriculturally developed lands have increased and 
expansion has taken place into previously uncultivated areas, the percentage of 
irrigated land has increased dramatically, specifically in the Great Plains of the United 
States. Huber et al. (2014) noted that irrigation changed the radiation balance, 
hydrologic cycle, and atmospheric patterns (including precipitation distribution and 
intensity) of the Great Plains. Modifications to the partitioning of sensible and latent 
heat fluxes have been linked to irrigation (Adegoke et al., 2003). With irrigation 
increasing regional moisture, a general cooling in daytime air temperatures have been 
observed. This is associated with the energy repartitioning, specifically the increase in 
latent energy flux (Mahmood et al., 2008; Lobell and Bonfils, 2008). The cooling effect 
has been observed during scenarios where the altered land surface significantly differed 
from the native cover (Mahmood and Pielke, 2017; Szilagyi and Franz, 2020). Practices 
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like irrigation intensify the instability of the system and exacerbates the impacts on the 
overlaying atmosphere (Pielke et al., 2016). Limited research has been conducted on the 
impacts irrigation have on characteristics of the planetary boundary layer.  
This research aims to further expand upon previous findings regarding the 
interconnectivity between the surface and lower atmosphere considering irrigation 
which has been highly disregarded and or inappropriately represented by previous 
modelling and field research. As the need for irrigation increases, so does the need for 
continued research in order to quantify and potentially mitigate the inevitable impacts.  
 
2.4 Irrigation and Atmosphere  
 Changes in air temperature, heat fluxes, and moisture associated with LULCC and 
the introduction of irrigation impacts the planetary boundary layer (PBL). The 
relationship between moisture, heat and the height of the PBL determines the rate at 
which convective systems can form and grow (Carleton et al., 2001). The stability of the 
lower troposphere is dependent on the local heating and winds. In areas where winds 
tend to converge, they act as a mixing and lifting mechanism for the heat and moisture 
fluxes from the surface. This mixing, if sufficient, can initiate areas of deep cumulus 
convections (thunderstorm development). Observations within the PBL can be made by 
deploying radiosondes, which provide a vertical profile of temperatures, winds, and 
moisture in the atmosphere. When these tools are used to compare regions of human 
influence and natural landscape, significant differences are observed in the amount of 
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cooling and moisture availability. In regions where irrigation is present, the landscape 
produces a cooler air temperature profile, but an overall increase in the presence of 
moisture as compared to a standard short grass prairie. In addition, vegetation also has 
a notable influence on vertical mixing. A study, conducted by Pielke et al. (2007), noted 
that an increase in moisture in the lower atmosphere associated with irrigation and 
increased evapotranspiration (ET) can have an enhancing effect on the convective 
boundary layer and in turn, increase precipitation. Moisture exchange within the PBL 
proved to play a role in the convective available potential energy (CAPE) leading to 
increased instability and daytime cumulus. Wetzel et al. (1996) investigated the 
formation of convective precipitation over sparsely vegetated land and a deciduous 
forest. Results showed that development of convective precipitation was delayed (1-2 
hours) due to the suppressed mixing caused by the higher canopy of the forested 
landscape. It was also observed that in moisture starved conditions, areas of high 
sensible heat flux were significantly better at cumulus cloud formation than over areas 
dominated by latent heat flux. This finding supports the claim that the depth of the PBL 
is directly correlated with the amount of sensible heat flux into the atmosphere when 
moisture is limited.  
 Another approach to quantifying the effects of LULCC on regional and local 
climates is to implement modeling techniques. In a study by Adegoke et al. (2003), a 
Regional Atmospheric Modeling System (RAMS) was used to evaluate the surface heat 
fluxes related to irrigation and how they effected the convective potential in Nebraska. 
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A series of land use scenarios were considered for this study in an effort to best define 
the irrigation distribution of Nebraska. The resulting model runs corresponded well to 
the observed maximum, minimum and dew point temperatures. This validated the 
calculated flux responses, which showed that cooling at the surface in connection with 
irrigation increased the amount of latent heat flux by 36% and water vapor flux 500 
meters above the surface by 28%. Other responses included a 15% reduction in sensible 
heat flux and elevated dew point temperatures. Variables such as albedo, surface 
roughness length changes, and increased soil moisture cannot be overlooked in order to 
accurately model the differences between irrigated and non-irrigated systems. 
 
2.5 Justification for Research  
 It is evident that LULCC notably impacts weather and climate. However, 
additional research is needed for better understanding between LULCC-weather-climate 
interactions. To this end, there is a significant void in observed atmospheric data that 
could show linkages between irrigated and non-irrigated land uses and evolution of the 
near surface meteorology and lower troposphere. To meet this need, the GRAINEX field 
campaign was conducted. This thesis analyzes data collected by the GRAINEX campaign 
to investigate impacts of irrigated and non-irrigated land uses on the near surface 
meteorology, L-A interactions, and PBL development.   
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CHAPTER 3 
DATA AND METHODOLOGY 
3.1 GRAINEX Overview   
 The GRAINEX field campaign was conducted in southeast Nebraska from late 
May through early August of 2018. Nebraska, located within the North American Great 
Plains, is one of the most extensively irrigated regions in the world. The primary source 
of water is the High Plains Aquifer which is also known as the Ogallala Aquifer. As shown 
in Figure 1.1, a concentrated area of irrigated cropland is found to the west of the Big 
Blue River and alternatively, non-irrigated rainfed cropland is found to the east.  
This study included two intensive-observation periods (IOPs) during which all 
data were collected. The first phase took place from 30 May to 13 June (IOP 1). The 
second phase from 16 July to 30 July (IOP 2). The window of dates for IOP 1 was chosen 
in an effort to observe L-A interactions amidst the early onset of irrigation (i.e. a rapid 
increase in moisture availability in both surface and subsurface regions). IOP 2 was 
chosen to capture L-A interactions during the peak growing season when the irrigation 
amount is maximized in response to crop-water demand.   
 A variety of observational platforms were used for data collection. These 
included twelve Integrated Surface Flux Systems (ISFS), two Integrated Sounding 
Systems (ISS), three Doppler on Wheels (DOW) mobile radar units, which also deployed 
radiosondes and Environmental Monitoring, Ecological Sensor Hubs (EMESH) (Photos of 
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the GRAINEX sites can be found in the Appendix). Further details including a description 
of the instrumentation, data collected and quality of data from each observational 
platform are discussed in the following sections. The National Aeronautical and Space 
Administration (NASA) also participated by collecting soil moisture data using 
radiometers mounted on a Twin Otter aircraft.  
3.1.1 Integrated Surface Flux Systems (ISFS) 
 A total of twelve ISFS sites were deployed for the GRAINEX campaign. Six sites 
were deployed in irrigated crop environments, six in non-irrigated (Fig. 1.1, Table 3.1). 
The six irrigated sites were located in the western irrigated part of the study area (i.e. 
west of the Big Blue River), and the remaining six in the eastern non-irrigated part. The 
meteorological and environmental parameters measured at the ISFS sites included 
latent and sensible heat fluxes, air temperature, relative humidity, pressure, 
precipitation, wind speed, wind direction, incoming and outgoing solar radiation, and 
soil moisture. Specifics regarding the sensors used to collect these variables can be 
found in Table 3.2. 
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Table 3.2. Measurements taken at the ISFS sites and the respective sensor used during 
deployment  
GRAINEX ISFS Site Variables and Sensors 
Variables Sensor 
Air temperature NCAR TRH 
Air pressure 
Vaisala PTB220, PTB2010 barometers; 
Paroscientific nanobarometer 
Carbon dioxide Campbell CSAT3A/EC150 
Horizontal wind speed/direction Gill WindObserver 2D sonic anemometer 
Momentum fluxes Campbell CSAT3A/EC150 
Precipitation (rain) MRI tipping bucket 
Radiation (4-components) Hukseflux NR01 integrated radiometer 
Relative humidity NCAR TRH 
Sensible/latent heat Campbell CSAT3A/EC150 
Soil heat capacity Hukseflux TP01 
Soil heat flux REBS HFT 
Soil moisture Decagon EC-5 
Soil temperature NCAR Tsoil 
 
Data for all of the ISFS sensors were collected at a sample rate of 50 samples per 
second, which was relayed in near real-time to the Lower Atmosphere Observing 
Facilities (LAOF), Earth Observing Laboratory (EOL) via cell modem. ISFS sites continually 
recorded data throughout the full project period, but a small amount of data were lost 
due to equipment malfunctions. The entire data set was quality-controlled and released 
to the EOL/NCAR data portal as five-minute averages in NetCDF format 
(https://data.eol.ucar.edu/master_lists/generated/grainex/). Variables collected at the 
ISFS sites were graphically analyzed and T-tests were conducted to evaluate the 
statistical significance of the differences in irrigated and non-irrigated air temperature, 
dew point temperature, and specific humidity during IOP 1 and 2 separately. 
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3.1.2 Integrated Sounding Systems (ISS) 
 In addition to the ISFS sites, two ISS sites were assigned in an effort to capture 
anomalies in the PBL associated with irrigated and non-irrigated agricultural practices 
(Table 3.3). The first ISS site was located at the York Airport in York, Nebraska, a small 
airfield along the I-80 corridor. Nearby crop fields are extensively irrigated and 
radiosonde launches were conducted in an area displaced from runway activities. The 
second ISS site was located at Rogers Memorial Farm (Rogers Farm), a University of 
Nebraska owned and operated test farm east of Lincoln. This site lies within the confines 
of the non-irrigated ISFS sites. Radiosonde launches took place simultaneously at two-
hour intervals from sunrise (Approx. 6:00 AM Local Time) to sunset (Approx. 8:00 PM 
Local Time) each day. In other words, eight radiosonde launches were completed each 
day from each site resulted in about 480 launches (8 launches x 2 sites x 30 days = 480 
launches). These sites also operated a wind profiler, a ceilometer and collected surface 
meteorological observations (Table 3.4). 
Table 3.3. Locations and descriptions of ISS sites. 
Location and Descriptions of GRAINEX ISS Sites 
Site Description Latitude (deg N) Longitude (deg W) 
ISS2 Rogers Memorial Farm, Lincoln 40.8444 -96.4683 
ISS3 York Municipal Airport 40.8916 -97.6261 
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Table 3.4. Measurements taken at the ISS sites and the respective sensor used during 
deployment 
GRAINEX ISS Site Variables and Sensors 
System Variables Sensor 
Upper Air 
Cloud Height Vaisala CL31 and CL51 Ceilometer 
Sounding Variables Vaisala MW41/RS 41 Radiosondes 
Wind profile 
LAP3000 915 MHz DBS wind profiler with 
RASS 
Surface 
Pressure PTB210 
Radiation (4-components) Hukseflux NR01 
Precipitation (rain) HAS Tipping Bucket 
Meteorological Summary 
- Air Temperature 
- Relative humidity 
- Precipitation type 
- Precipitation intensity 
- Precipitation quantity 
- Air pressure 
- Wind direction 
- Wind speed 
- Radiation  
WS700/800 Weather Sensors 
 
 These sites were only operational during IOP 1 and 2, therefore, this analysis of 
the GRAINEX data highlights events constrained by these time windows. This will 
provide the most comprehensive data set to be used to develop conclusions in regards 
to how LULCC associated with agriculture and irrigation impact the development of 
features within the PBL. 
3.1.3 Doppler on Wheels (DOW) 
 Three DOW units were deployed and triangulated over a transition region 
between irrigated and non-irrigated crop land (Table 3.5). This formation was assigned 
in order to capture fine-scale transitional variability from irrigated to non-irrigated areas 
and vice versa. Doppler radar scans consisting of reflectivity and velocity fields were 
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conducted in order to identify boundary formations and severe weather development 
within the PBL. The DOW sites also conducted radiosonde launches, which 
corresponded to the launch times of the ISS sites. In total, approximately 24 launches 
were conducted per day (technical issues/early termination resulted in some launches 
being missed), totaling about 720 launches. Overall, taking into account all of the days 
included in IOP 1 and 2, the resulting radiosonde total for the GRAINEX project totaled 
approximately 1200 launches. For the purpose of this study, radiosonde data at both the 
ISS and DOW sites were analyzed. Future analysis of the radar scans are highly 
anticipated to further investigate convective development associated with irrigation. 
Table 3.5. Locations and descriptions of DOW sites. 
Location and Descriptions of GRAINEX Doppler on Wheels (DOW) Sites 
Site Nearest Town Latitude (deg N) Longitude (deg W) 
DOW6 Bee, Nebraska 40.97387 -97.03419 
DOW7 Dwight, Nebraska  41.13317 -97.03346 
DOW8 Surprise, Nebraska  41.04693 -97.2912 
 
3.1.4 Environmental Monitoring, Ecological Sensor Hubs (EMESH) 
To expand upon the surface observation coverage of the ISFS sites, the 
University of Alabama in Huntsville developed a network of rapidly deployable weather 
stations that were deployed and recorded observations throughout the GRAINEX project 
window (late May to early August of 2018). The network consisted of 74 meteorological 
stations that were placed in both irrigated (28 stations) and non-irrigated (47 stations) 
regions. A description of the EMESH stations locations can be found in the Appendix. 
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These stations have significant implications for future research but are not be 
referenced as part of this study.  
3.1.5 NASA Goddard Radio Frequency Explorer (GREX) Instrument 
 As a method of observing transects of soil moisture amidst and between the 
deployed ground stations (ISFS and EMESH), NASA used one of its Twin Otter planes 
equipped with the GREX microwave (L-band) radiometer to conduct seven flights during 
the second IOP. The GREX radiometer conducts measurements at a < 1 km spatial 
resolution and is capable of measuring brightness temperatures similar to those 
observed by the Soil Moisture Active-Passive (SMAP) satellite. The two observational 
radiometers (SMAP and GREX) operate on very similar frequencies (1400 to 1427 MHz). 
With the addition of the data collected during these flights, a spatial analysis of soil 
moisture gradients, soil property transition zones, as well as a comparison of point 
measurements to those measured by the GREX sensor, can be conducted as part of 
future research. These data are currently undergoing the QA/QC process and were not 
discussed in this study. 
 
3.2 Calculation of Latent and Sensible Heat Flux 
 A number of numerical calculations were required to fully utilize the data 
collected during the GRAINEX project, including those for latent (LE) and sensible (H) 
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heat flux. Using the observed variables and R code archived with the GRAINEX data set, 
values for LE and H were calculated with the following equations:  
LE = Lv * ρair * w’mr’ * (1x10-3) …………………………………………………………………… (Equation 1) 
H = ρair * ((Cpd * w’t’) + (Cpv * T * wq * (1x10-3))) ………………………………………… (Equation 2) 
where Lv is the latent heat of vaporization (2.5x106 Jkg-1), ρair is the density of air 
calculated by dividing pressure (Pa) with the product of the gas constant R (287 JKg-1K-1) 
and air temperature T (K), Cpd is the specific heat of dry air at a constant pressure (1006 
JKg-1K-1), Cpv is the specific heat of water vapor at a constant pressure (1857 JKg-1K-1), wq 
is a directional component of water vapor density (ms-1 gm-3), and  w’t’ and w’mr’ are 
correction factors calculated using specific humidity, the density of air, air temperature 
(K), pressure (Pa), virtual air temperature from the speed of sound and water vapor 
density. The correction factor is implemented in an effort to account for variability in 
wind (speed and direction) influencing water vapor flux. Finally, a multiplicand is added 
to make the output values in units of Wm-2. 
 Values for air temperature, pressure, and wq were collected and archived into 
the GRAINEX dataset. Latent and sensible heat were calculated using the ISFS 5 minute, 
quality controlled dataset and were later used to create 30 minute, full day (Midnight to 
Midnight) and daytime (11 to 1 UTC; 6:00 AM to 8:00 PM LT) averages. To test for 
statistical significance between irrigated and non-irrigated latent and sensible heat 
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during IOP 1 and IOP 2 separately, T-Tests were conducted on the 30-minute daytime 
data and daytime averages. 
 
3.3 Calculations of Equivalent Temperature 
 Further analysis of the L-A interactions observed during GRAINEX required the 
calculation of equivalent temperature (TE), a variable best utilized for expressing 
changes in heat content related to changes in moisture (i.e. moist enthalpy) (Pielke et 
al., 2004). Equivalent temperature can be expressed as follows:  
H = CpT + Lvq …………………………………………………………………………………………. (Equation 3) 
where H is moist enthalpy (JKg-1), Cp is the isobaric specific heat of air (1005 JKg-1K-1), T is 
air temperature (K), Lv is the latent heat of vaporization (2.5x106 Jkg-1) and q is specific 
humidity. Specific humidity, a variable not available in the GRAINEX dataset was 
calculated using the two equations below and compared for consistency before 
completion of the equivalent temperature calculations: 
(Method 1) q = w / (w + 1) …………………………………………………………………………. (Equation 4) 
(Method 2) q = (0.622 * e) / (P – (0.378 * e)) …………………………………………….. (Equation 5) 
where w is the mixing ratio, calculated from measurements of air temperature, relative 
humidity and pressure, e is the vapor pressure of air calculated using measured values 
of dew point temperature applied to Bolton’s (1980) empirical relationship and P is 
observed pressure. After comparison of these two calculation methods, it was 
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determined that the differences were insignificant and values for q from Method 1 were 
used. Finally, to convert moist enthalpy into units of temperature (K), thereby creating a 
variable comparable to air temperature that more completely represents atmospheric 
heat can be expressed as follows:  
TE = H / Cp …………………………………………………………………………………………………… (Equation 6) 
Values of TE were then compared to observed air temperatures at the individual ISFS 
sites and later averaged over the six irrigated and six non-irrigated sites separately. 
Once again, T-tests of the 30-minute daytime (11 to 1 UTC; 6:00 AM to 8:00 PM LT) data 
and daytime averages were conducted to determine the statistical significance between 
irrigated and non-irrigated equivalent temperature during IOP 1 and IOP 2 separately. 
 
3.4 Soil Moisture Model 
 To further understand L-A interactions, a soil modeling component was included. 
Based on Wang et al. (2017), an Exponential Filter Model was applied to the 5 cm soil 
moisture data collected during GRAINEX to create a full root zone moisture profile. The 
original purpose of this Exponential Filter Model was to expand upon soil moisture data 
collected through airborne and satellite observations. These datasets are restricted to 
the near surface due to penetration depths of the onboard sensors being limited to the 
top ~5 cm of the soil profile. Through study and application of the interconnectivities 
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between surface and root zone soil moisture, Wang et al. (2017) constructed this model 
and current research (including this project) has been testing its uses and limitations. 
 To apply the Exponential Filter Model, textural components of the site soils were 
required. For this thesis, the USDA web soil survey was used to determine these 
percentages for each of the 12 ISFS sites. In order to calculate the optimum 
characteristic time length, Topt, a regression curve was matched to the plot of the sand 
and clay percentages from each site. This method of calculating Topt was modelled after 
Wang et. al. (2017). In addition, 95 percent confidence intervals were calculated but 
results were insignificant and were not included in the soil moisture model runs. The Topt 
parameter, which is uniquely designed to represent the soil characteristics at a specific 
depth in order to estimate moisture transition speeds through a given layer in the 
profile, was calculated for both 25 cm and 50 cm depths and used as a model input 
along with 5 cm soil moisture in percent volume.  Other site specific variables used in 
the model included time of year, time of day, and latitude and longitude coordinates.  
The model uses 5 cm observed data from the ISFS sites as an input to simulate 
daily soil moisture for 25 cm and 50 cm for late May through early August. In order for 
the model to be properly assimilated by the start of IOP 1, 5 days of data were added to 
the beginning of each model run. According to Wang et al. (2017), the simplicity of the 
Exponential Filter Model allows for the extrapolation of the surface moisture to root 
zone depths in varying climatic and land surface conditions, which is representative of 
the conditions under observation during the GRAINEX field campaign. The resulting 
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model runs at the 12 ISFS sites are presented in this paper, but potential remains for 
future cross analysis and further application (with data from the EMESH sites and NASA 
flights). 
 
3.5 Lower Atmosphere Analysis  
 As indicated previously, approximately 40 radiosondes were launched daily 
during the first and second IOPs of GRAINEX. By implementing radiosonde data 
collection into the project plan, a multidimensional view of lower atmospheric 
variabilities was constructed. From radiosonde data from both ISS sites (York Airport 
and Rogers Farm) and the three DOW sites, an analysis representing both irrigated and 
non-irrigated areas can be used to study how variables such as planetary boundary layer 
height are impacted by irrigation. By developing a Python code for plotting the 
radiosonde data onto skew-T logp graphs, important measures including the lifting 
condensation level (LCL), the level of free convection (LFC), and PBL height can be 
calculated and plotted for analysis. The LCL can be defined as the level at which water 
vapor starts to condense inside of a dry-adiabatically lifted parcel (American 
Meteorological Society, 2012) and the LFC can be expressed as the level at which a 
parcel’s air temperature is decreasing more rapidly than the moist adiabatic lapse rate 
at that same level (American Meteorological Society, 2012). These measures are widely 
used in meteorological research (Schrieber et al., 1996; Craven et al., 2002; Muñoz et 
al., 2015; Romps, 2017; Brown and Nowotarski, 2019).  
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Using MetPy functions in Python, the values for the LCL and LFC can be 
calculated (Unidata, 2020a, 2020b). For the purpose of this study, the PBL height was 
determined to be the height at which the calculated bulk Richardson number (Ri) is 
equal to 0.25. To determine this height, the Ri was calculated for all points within the 
sounding profile using the following equation:  
Ri = [(g/Tv) Δθv Δz] / [(ΔU)2 + (ΔV)2] …………………………………………………………….. (Equation 7) 
Where g is gravitational acceleration (9.81 ms-1), Tv is the virtual temperature (K), Δθv is 
the virtual potential temperature (K), Δz is the thickness of the layer between the 
surface and point of interest and ΔU and ΔV are the changes in horizontal and vertical 
wind across the layer z, respectively. The established threshold of 0.25 (critical 
Richardson number) was then used to return a height (this is the PBL height) and plot a 
line corresponding to this height on the skew-T logp diagram. Being able to visually 
analyze this variable will allow for the comparison of PBL height over irrigated and non-
irrigated areas as well as during windows of significant precipitation or excessive 
dryness. PBL height was also used along with LCL and LFC to determine impacts of 
irrigation on convective environment.  
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CHAPTER 4 
RESULTS 
4.1 Near Surface Meteorology  
 The meteorological variables collected at the ISFS sites during GRAINEX include, 
among others (Table 3.2), 2-meter air temperature and relative humidity, which were 
recorded at 5 minutes intervals. These variables were used to calculate (see data and 
methodology) dew point temperature and specific humidity.  Utilizing the 5-minutes air 
temperature, dew point temperature and specific humidity, 30-minute, hourly and daily 
averages were calculated. Minimum and maximum values were also considered during 
analysis. To further understand changes in these variables linked to irrigation, averages 
for the six irrigated (ISFS 1 through 6) and six non-irrigated sites (ISFS 7 through 12) 
were calculated. The results of this analysis are shown in Figures 4.1-4.3. Values 
corresponding to Figure 4.1-4.3 can be found in the Appendix (Table A.2-A.5). 
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Figure 4.1: 30-minute air temperatures averaged over the 6 irrigated and 6 non-irrigated 
sites during the growing season of 2018. Note: A comparison of irrigated and non-
irrigated air temperatures during IOP 1 resulted in no statistical significance, but IOP 2 
comparisons resulted in statistically significant differences. 
 
 An analysis of air temperature, dew point temperature and specific humidity 
data reveal notable differences in near-surface meteorological conditions over irrigated 
and non-irrigated land uses during IOP 1 and IOP 2. During IOP 1, observed air 
temperatures at irrigated and non-irrigated sites were quite similar, with daily maximum 
differences remaining consistently around 0° C. Deviations from this pattern 
corresponded to precipitation events. Due to the active synoptic conditions during IOP 
1, frequent fluctuations in irrigated and non-irrigated daily maximum air temperatures 
were observed over the study area. On the other hand, overall, IOP 2 experienced larger 
and more consistent differences between air temperatures over irrigated and non-
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irrigated areas. The difference in average temperatures for the irrigated and non-
irrigated ISFS sites were 0.15 °C for IOP 1 and 0.42 °C for IOP 2. Average maximum air 
temperature differences were slightly larger with a spread of 0.29 °C for IOP 1 and 0.60 
°C for IOP 2. This was due to the applications of irrigation resulting in higher latent heat 
fluxes and lower sensible heat fluxes (Additional discussions are provided in Section 4.2) 
during the peak growth period of the plants.   
 Much like air temperature, differences between dew point temperature over 
irrigated and non-irrigated croplands were small in the early growing season (IOP 1; ). In 
fact, the average dew point temperature over irrigated areas were slightly lower (20.34 
°C) compared to non-irrigated areas (20.79 °C) (Table A.2).  On the other hand, around 
the first week in July, when irrigation applications became more frequent, dew point 
temperatures at the irrigated sites were noticeably greater than the non-irrigated sites. 
It is found that average dew point temperatures over irrigated and non-irrigated areas 
were 22.67 °C and 21.57 °C during IOP 2, respectively (Table A.2). In other words, there 
was a 1.10 °C increase in dew point temperatures over irrigated areas during IOP 2. 
Figure 4.2 depicts this midseason shift and elevated dew point temperatures over 
irrigated sites during IOP 2.  
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Figure 4.2: 30-minute dew point temperatures averaged over the 6 irrigated and 6 non-
irrigated sites during the growing season of 2018. Note: A comparison of irrigated and 
non-irrigated dew point temperatures during IOP 1 resulted in no statistical significance, 
but IOP 2 comparisons resulted in statistically significant differences. 
 
 Another measure of atmospheric moisture associated with irrigation, as well as 
precipitation events, can be represented by specific humidity. Figure 4.3 reveals that, on 
average, specific humidity was somewhat similar over irrigated and non-irrigated sites 
during IOP 1, while there was a clear mid-growing season increase over irrigated areas 
during IOP 2 over irrigated croplands.  
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Figure 4.3: 30-minute specific humidity averaged over the 6 irrigated and 6 non-irrigated 
sites during the growing season of 2018. Note: A comparison of irrigated and non-
irrigated specific humidity during IOP 1 resulted in no statistical significance, but IOP 2 
comparisons resulted in statistically significant differences.  
 
 
4.2 Heat Fluxes 
 As noted in Chapter 3, measurements of latent and sensible heat flux were also 
made at the ISFS sites. During IOP 1 and 2, values of latent heat flux were greater than 
those of sensible heat flux (Fig. 4.4 and 4.5). Further inspection of these variables during 
the IOP windows reveals that differences in sensible and latent heat flux early in the 
growing season (IOP 1) were much less than the differences observed later into the 
growing season (IOP 2). These differences can be attributed to the increase in water 
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consumption by crops supplemented by the increased application of water through 
irrigation. The additional energy partitioned into plant growth is observed through the 
latent heat flux increases in IOP 2. 
 
Figure 4.4: 30-minute latent (LE) and sensible (H) heat flux averaged over irrigated ISFS 
sites (1-6) during the growing season of 2018.  
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Figure 4.5: 30-minute latent (LE) and sensible (H) heat flux averaged over non-irrigated 
ISFS sites (7-12) during the growing season of 2018. 
  
 These responses can be observed in daily observations from an irrigated (Fig. 4.6 
a-b) and non-irrigated (Fig. 4.6 c-d) site during IOP 1 and 2 (6 June and 24 July, 
respectively). Observed values of latent heat flux were substantially greater during the 
late growing season (IOP 2) over both irrigated (e.g., site 1) and non-irrigated (e.g., site 
9) areas. An approximate difference of 200 W m-2 (100 W m-2) between early and late 
season latent heat flux maximums was observed at the irrigated (non-irrigated) site 
(Figure 4.6 a-b and Figure 4.6 c-d respectively). In addition, magnitudes of latent and 
sensible heat flux differences became larger over irrigated sites during IOP 2. This 
suggests greater repartitioning of energy into latent heat flux linked to increased 
irrigation due to crop water demand. 
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  C)  
      
          
  D)  
  
 
Figure 4.6: 5-minute latent (LE) and sensible (H) heat flux at ISFS site 1 (A,B) which is 
irrigated and site 9 (C,D) which is non-irrigated for 6 June (A,C) and 24 July  (B,D).  
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 When daily averages for IOP 1 (Fig. 4.7) and IOP 2 (Fig. 4.8) were compared, a 
consistent difference between latent and sensible heat flux values was also observed 
with latent heat fluxes dominating the daily averages. For IOP 1, higher values of latent 
heat flux were produced possibly by precipitation events, whose onset can be identified 
in the air temperature, dew point temperature, and soil moisture observations. Given 
the relatively wet conditions during the early growing season of 2018, signatures like 
that observed on 2 June in Figure 4.7 were similar to signatures produced from 
irrigation application days in IOP 2 (Figure 4.8). In other words, in 2018, early growing 
season latent heat flux was partly influenced by precipitation while during the peak 
growing season was largely influenced by applications of irrigation. Overall, both IOP 1 
and IOP 2 produced higher values of latent heat flux and lower values of sensible heat 
flux (Figure 4.7 and 4.8; Table 4.1 and 4.2). During IOP 1, irrigated LE averaged 14.62 W 
m-2 higher and H 7.24 W m-2 lower than non-irrigated LE and H, respectively. 
Comparable differences were observed but in greater magnitudes for IOP 2 where 
irrigated LE averaged 20.46 W m-2 higher and H 17.08 W m-2 lower than non-irrigated LE 
and H, respectively. These differences are observed in Figure 4.7, where LE dominated 
for fewer days and in smaller magnitude as compared to figure 4.8, representing IOP 1 
and IOP 2 respectively. These differences provide a clear indication of the land-
atmospheric interactions associated with irrigation. 
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Figure 4.7: Daytime (11 UTC to 1 UTC) average latent (LE) and sensible (H) heat flux for 
irrigated and non-irrigated sites during IOP 1.  
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Table 4.1: Daytime (11 UTC to 1 UTC) average, minimum and maximum latent (LE) and 
sensible (H) heat flux for irrigated and non-irrigated sites during IOP 1. Observations 
correspond to Figure 4.7. Note: There is no statistical significance when comparing the 
irrigated and non-irrigated average daily values shown below (n=15), but statistical 
significance was found in an analysis of the irrigated and non-irrigated 30-minute 
daytime values (n=720) (Figure 4.4) used to calculate these averages.  
IOP #1 – Irrigated vs. Non-Irrigated Full Day Average Latent (LE) and Sensible (H) Heat Flux 
 Date LE (Wm-2) H (Wm-2) 
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
273.21 (-0.47 to 789.29) 
172.41 (-7.39 to 666.05) 
154.63 (-94.34 to 450.49) 
306.07 (-1085.10 to 1932.87) 
205.39 (-20.61 to 739.04) 
105.80 (-388.99 to 1050.35) 
164.80 (-3.54 to 555.31) 
147.33 (-6.82 to 730.26) 
100.90 (-61.42 to 918.16) 
163.30 (-3.75 to 640.29) 
256.45 (-412.78 to 777.53) 
235.95 (-23.50 to 836.15) 
188.59 (-270.40 to 785.19) 
179.41 (-8.27 to 648.21) 
150.71 (-445.62 to 523.47) 
187.00 (-1085.10 to 1932.87) 
59.75 (-32.76 to 231.76) 
59.68 (-30.14 to 358.67) 
93.52 (-41.47 to 353.13) 
58.55 (-193.04 to 241.67) 
82.33 (-46.01 to 366.49) 
55.11 (-37.12 to 362.01) 
92.27 (-29.03 to 341.51) 
50.97 (-45.84 to 279.69) 
63.65 (-65.68 to 324.19) 
71.97 (-31.88 to 275.61) 
28.18 (-108.88 to 161.94) 
44.32 (-92.82 to 408.86) 
60.16 (-76.43 to 258.42) 
98.76 (-30.02 to 372.42) 
55.10 (-84.94 to 243.97) 
64.96 (-193.04 to 408.86) 
Non-
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
204.75 (-5.05 to 1590.64) 
154.16 (-6.09 to 549.26) 
154.76 (-4.85 to 580.19) 
258.34 (-5.65 to 666.46) 
199.12 (0.00 to 611.40) 
89.28 (-67.63 to 551.80) 
152.33 (-4.10 to 587.16) 
153.80 (-7.85 to 618.57) 
123.10 (-4.60 to 573.24) 
179.67 (-16.98 to 697.00) 
213.69 (-1000.26 to 1417.62) 
155.09 (-71.45 to 580.83) 
167.95 (-1733.82 to 4399.97) 
204.92 (-4.18 to 710.14) 
174.77 (-2.07 to 598.25) 
172.38 (-1733.82 to 4399.97) 
85.28 (-38.60 to 463.97) 
82.28 (-36.01 to 416.04) 
116.54 (-60.80 to 432.52) 
53.48 (-50.93 to 225.77) 
84.54 (-50.15 to 300.90) 
41.07 (-44.77 to 302.23) 
108.64 (-54.13 to 352.04) 
92.74 (-59.55 to 343.86) 
38.74 (-90.59 to 282.59) 
71.13 (-42.29 to 323.69) 
50.90 (-230.86 to 249.34) 
78.87 (-47.64 to 291.11) 
73.01 (-206.99 to 272.87) 
63.77 (-37.32 to 242.97) 
42.05 (-38.60 to 214.91) 
72.20 (-230.86 to 463.97) 
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Figure 4.8: Daytime (11 UTC to 1 UTC) average latent (LE) and sensible (H) heat flux for 
irrigated and non-irrigated sites during IOP 2.  
 
 
 
 
 
 
 
 
41 
 
 
Table 4.2: Daytime (11 UTC to 1 UTC) average, minimum and maximum latent (LE) and 
sensible (H) heat flux for irrigated and non-irrigated sites during IOP 2. Observations 
correspond to Figure 4.8. Note: There is no statistical significance when comparing the 
irrigated and non-irrigated average daily values shown below (n=15), but statistical 
significance was found in an analysis of the irrigated and non-irrigated 30-minute 
daytime values (n=720) (Figure 4.5) used to calculate these averages. 
IOP #2 – Irrigated vs. Non-Irrigated Full Day Average Latent (LE) and Sensible (H) Heat Flux 
 Date LE (Wm-2) H (Wm-2) 
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
177.55 (-35.41 to 697.76) 
34.74 (-10989.78 to 3766.80) 
195.00 (-61.97 to 692.44) 
296.34 (-347.80 to 1245.35) 
163.43 (-1701.73 to 1492.15) 
257.09 (-139.63 to 915.22) 
218.13 (-6.95 to 762.24) 
205.40 (-1255.08 to 1170.72) 
223.14 (-29.75 to 701.23) 
127.27 (-7534.63 to 3208.07) 
220.42 (-42.01 to 1013.06) 
138.86 (-2456.75 to 1003.63) 
151.32 (-21.80 to 711.34) 
169.08 (-140.50 to 690.88) 
115.70 (-4778.08 to 4612.56) 
179.56 (-10989.78 to 4612.56) 
63.18 (-16.63 to 305.84) 
26.42 (-302.45 to 782.28) 
53.50 (-29.91 to 334.81) 
28.87 (-38.43 to 146.82) 
19.40 (-45.85 to 187.09) 
51.23 (-22.75 to 196.64) 
61.49 (-41.78 to 300.28) 
44.14 (-58.62 to 233.64) 
48.53 (-31.10 to 213.88) 
20.53 (-183.52 to 360.77) 
45.08 (-20.84 to 202.29) 
33.49 (-49.62 to 222.90) 
64.55 (-28.17 to 303.80) 
53.26 (-27.10 to 265.26) 
26.26 (-342.29 to 274.76) 
42.66 (-342.29 to 782.28) 
Non-
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
179.35 (-21.71 to 640.46) 
42.39 (-4120.22 to 4862.89) 
161.11 (-3.46 to 613.05) 
254.59 (-123.19 to 735.04) 
158.37 (-122.95 to 1379.05) 
219.71 (-11.38 to 697.65) 
171.93 (-2308.80 to 562.68) 
154.52 (-1797.76 to 709.47) 
195.29 (-8.90 to 586.92) 
112.56 (-858.80 to 1014.21) 
170.04 (-4.55 to 614.86) 
135.96 (-11.28 to 693.10) 
131.47 (-1299.99 to 1859.10) 
150.65 (-12.79 to 658.85) 
148.51 (-4374.50 to 2581.72) 
159.10 (-4374.50 to 4862.89) 
84.41 (-18.77 to 478.07) 
15.73 (-344.01 to 203.10) 
50.91 (-27.76 to 241.02) 
38.65 (-42.13 to 193.02) 
29.95 (-59.42 to 224.03) 
73.10 (-48.30 to 320.58) 
74.11 (-27.26 to 330.89) 
57.70 (-28.26 to 362.24) 
86.43 (-27.05 to 492.41) 
22.79 (-152.13 to 248.79) 
74.96 (-24.08 to 504.25) 
94.64 (-17.71 to 501.33) 
70.47 (-120.64 to 357.70) 
68.65 (-37.22 to 483.22) 
53.63 (-204.28 to 253.17) 
59.74 (-344.01 to 504.25) 
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4.3 Equivalent Temperature (TE) 
A comparison of IOP 1 (Fig. 4.9; Table 4.3) and IOP 2 (Fig. 4.10; Table 4.4) TE for 
irrigated and non-irrigated areas shows values similar to the summer season average 
calculated by Younger et al. (2018) for western Kentucky. In other words, TE values over 
southeastern Nebraska were as high as the more moist east-central US. Differences in 
irrigated and non-irrigated TE during IOP 1 were smaller in the early growing season. 
Limited irrigation applications played a role in these small differences (Table 4.3). As we 
progress through the growing season, and pass a key transitional point in early July from 
less irrigation to consistently higher irrigation applications over irrigated sites (sites 1 
through 6), a more clear increase in TE was observed (Figure 4.9). Irrigated site averages 
were noticeably higher during IOP 2 with the exception of 16 July, when a precipitation 
event occurred over much of the study area. Younger et al. (2018) found an average ~60 
°C TE during the summer months in Kentucky. On average, TE values over irrigated areas 
in eastern Nebraska was 62 °C during IOP 2 (Table 4.4). In other words, due to irrigation, 
TE in eastern Nebraska was as high as in the east-central United States during similar 
time periods.  The range of TE observed during IOP 1 was also greater than that 
observed during IOP 2 (Approximately 4° C greater) due to larger, day-to-day 
fluctuations in springtime air temperatures as compared to observed, mid-summer air 
temperatures. Table 4.3 and 4.4 provide daily TE averages and ranges for irrigated and 
non-irrigated sites during IOP 1 and IOP 2 respectively.  
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Figure 4.9: Daytime (11 UTC to 1 UTC) average equivalent temperature (TE) for irrigated 
and non-irrigated sites during IOP 1.  
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
 
Table 4.3: Daytime (11 UTC to 1 UTC) average, minimum and maximum equivalent 
temperature (TE) for irrigated and non-irrigated sites during IOP 1. Values correspond to 
Figure 4.9. Note: There is no statistical significance when comparing the irrigated and 
non-irrigated average daily values shown below (n=15), but statistical significance was 
found in an analysis of the irrigated and non-irrigated 30-minute daytime values (n=720) 
used to calculate these averages. 
IOP #1 – Irrigated vs. Non-Irrigated Full Day Average Equivalent Temperature (TE) and 
Equivalent Temperature/Temperature Difference (TE – T) 
 Date TE (°C) TE - T (°C) 
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
55.95 (42.63 to 62.20) 
57.87 (44.28 to 64.40) 
61.94 (45.76 to 70.54) 
46.70 (42.75 to 53.93) 
42.24 (31.34 to 48.94) 
47.96 (37.36 to 55.83) 
60.32 (39.20 to 68.95) 
68.75 (51.20 to 76.97) 
56.86 (47.45 to 63.97) 
62.92 (46.46 to 68.89) 
66.98 (48.06 to 78.21) 
71.22 (58.66 to 85.14) 
71.55 (59.89 to 79.26) 
60.03 (46.52 to 68.93) 
50.39 (33.27 to 56.97) 
58.78 (31.34 to 85.14) 
31.92 (27.16 to 36.05) 
30.56 (23.15 to 36.48) 
32.55 (24.74 to 40.23) 
25.06 (18.86 to 33.04) 
19.07 (15.39 to 23.61) 
26.14 (20.44 to 32.60) 
32.90 (25.06 to 39.11) 
39.47 (30.23 to 47.71) 
32.14 (26.85 to 36.28) 
35.27 (29.78 to 38.77) 
39.73 (29.20 to 47.82) 
41.86 (32.68 to 51.10) 
43.39 (36.12 to 48.25) 
34.87 (28.12 to 41.13) 
27.02 (21.17 to 31.47) 
32.80 (15.39 to 51.10) 
Non-
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
56.12 (43.96 to 62.31) 
59.34 (46.24 to 66.50) 
61.27 (49.09 to 68.73) 
48.46 (0.00 to 58.71) 
42.27 (0.00 to 47.11) 
45.68 (34.88 to 52.33) 
60.73 (40.43 to 68.32) 
69.11 (56.63 to 77.81) 
57.36 (47.59 to 65.06) 
65.52 (52.19 to 74.32) 
65.71 (47.76 to 81.57) 
69.45 (57.16 to 78.89) 
68.19 (51.51 to 84.40) 
64.32 (50.33 to 72.94) 
49.47 (39.90 to 55.78) 
58.87 (0.00 to 84.40) 
31.71 (28.00 to 36.34) 
30.81 (23.28 to 37.52) 
31.55 (23.13 to 39.36) 
26.51 (0.00 to 35.11) 
18.81 (0.00 to 22.10) 
23.77 (18.02 to 29.08) 
33.32 (25.29 to 38.51) 
39.32 (32.87 to 46.85) 
33.02 (26.17 to 39.01) 
37.55 (32.72 to 44.21) 
37.66 (25.26 to 51.61) 
41.55 (36.30 to 46.90) 
40.25 (29.42 to 50.28) 
39.45 (29.06 to 45.36) 
26.25 (19.25 to 31.85) 
32.77 (0.00 to 51.61) 
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Figure 4.10: Daytime (11 UTC to 1 UTC) average equivalent temperature (TE) for irrigated 
and non-irrigated sites during IOP 2.  
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Table 4.4: Daytime (11 UTC to 1 UTC) average, minimum and maximum equivalent 
temperature (TE) for irrigated and non-irrigated sites during IOP 2. Values correspond to 
Figure 4.10. Note: There is no statistical significance when comparing the irrigated and 
non-irrigated average daily values shown below (n=15), but statistical significance was 
found in an analysis of the irrigated and non-irrigated 30-minute daytime values (n=720) 
used to calculate these averages. 
IOP #2 – Irrigated vs. Non-Irrigated Full Day Average Equivalent Temperature (TE) and 
Equivalent Temperature/Temperature Difference (TE – T) 
 Date TE (°C) TE - T (°C) 
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
70.27 (51.08 to 85.08) 
63.69 (53.28 to 72.98) 
68.18 (54.10 to 78.98) 
70.73 (51.93 to 80.94) 
62.85 (44.29 to 74.11) 
64.85 (44.40 to 76.63) 
63.66 (48.48 to 72.74) 
67.66 (53.20 to 79.19) 
58.55 (34.32 to 70.09) 
59.80 (42.53 to 74.42) 
57.73 (40.06 to 79.13) 
54.20 (37.77 to 63.71) 
57.82 (45.10 to 67.97) 
56.38 (46.43 to 65.71) 
53.58 (41.22 to 61.94) 
62.00 (34.32 to 85.08) 
44.78 (33.06 to 55.33) 
41.31 (33.72 to 47.10) 
43.62 (35.40 to 50.83) 
44.04 (33.84 to 53.07) 
38.99 (28.60 to 47.85) 
39.75 (28.79 to 47.90) 
39.14 (31.32 to 45.29) 
42.58 (34.45 to 50.42) 
34.64 (22.38 to 44.35) 
37.82 (27.52 to 47.13) 
34.71 (25.95 to 55.18) 
32.88 (24.65 to 39.08) 
35.56 (29.17 to 41.56) 
34.58 (30.05 to 40.45) 
32.86 (25.53 to 38.95) 
38.48 (22.38 to 55.33) 
Non-
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
71.46 (55.86 to 80.44) 
59.43 (52.36 to 68.51) 
65.78 (51.31 to 80.24) 
70.57 (57.05 to 80.31) 
60.82 (45.65 to 70.41) 
61.95 (49.58 to 69.76) 
60.11 (46.68 to 67.26) 
64.67 (54.69 to 73.97) 
56.14 (40.32 to 63.98) 
58.17 (41.31 to 70.49) 
55.01 (44.46 to 62.57) 
51.04 (35.02 to 62.08) 
55.85 (46.80 to 63.72) 
55.46 (44.15 to 62.34) 
53.07 (0.00 to 59.67) 
59.97 (0.00 to 80.44) 
44.82 (36.20 to 49.66) 
38.08 (33.97 to 43.28) 
41.41 (33.46 to 47.30) 
43.02 (29.00 to 50.86) 
36.19 (26.58 to 43.56) 
36.52 (31.91 to 41.60) 
35.37 (29.77 to 39.00) 
39.46 (32.55 to 45.61) 
31.42 (26.12 to 37.19) 
35.27 (26.70 to 42.95) 
31.19 (24.19 to 37.14) 
28.82 (22.73 to 35.85) 
34.11 (30.36 to 38.29) 
33.49 (28.44 to 37.93) 
31.44 (0.00 to 37.63) 
36.04 (0.00 to 50.86) 
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4.4 Root Zone Soil Moisture  
 Using the Wang et. al. (2017) Exponential Filter Model, the 5-cm soil moisture 
data from the ISFS sites were used to create modelled soil moisture for 25 and 50 cm 
depths. Additionally, the Topt parameter, which was calculated based on surface soil 
characteristics, was a key input for the Exponential Filter Model. Since soil cores were 
not available during data analysis for this thesis, alternative data were used for 
calculating Topt. Additional calculations for verification of accuracy were not conducted. 
A root zone moisture profile of the soils in the irrigated and non-irrigated sites provided 
insight as to the rate at which moisture was able to percolate through the soil and the 
depths impacted by precipitation and irrigation events at the surface. The results from 
each of the ISFS sites are shown in Figure 4.11.  
 
 
B) 
A) 
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Figure 4.11: Modelled soil water content for the ISFS sites 1-12 (A through L 
respectively).  
 
From the modeled data, it was observed that soil water content (SWC) for both 
irrigated and non-irrigated sites in the early part of the growing season (IOP 1) were 
I) 
H) 
J) 
K) 
L) 
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comparable across eleven of the twelve sites with the exception of site 10, a non-
irrigated site that exhibited significantly lower SWC likely attributed to sloped 
topography and increased runoff rates. Rapid increases in SWC were observed 
throughout the first half of the growing season in connection with reported 
precipitation events. For precipitation events that exhibited heavy rain rates over a 
short window of time, little to no fluctuations were observed in the modelled 25 and 50-
cm SWC. On the other hand, slower precipitation spanning over longer time-windows 
showed gradual increases in both the 25 and 50-cm modelled SWC. This confirms the 
model’s capability to handle different precipitation rates and amounts. Moreover, 
responses in the 25-cm modelled SWC were more common than those at 50-cm.  
In the second half of the growing season (IOP 2), contrasts between the irrigated 
and non-irrigated sites became more noticeable. Declines in SWC for the non-irrigated 
sites (7-12) were observed in the 5-cm data and modelled 25 and 50-cm data. Due to 
the increased need for water by the crops, significant drawdowns in SWC at all depths 
started in early July and progressed through the end of IOP 2. Data from ISFS site 8 (Fig. 
4.11 H) depicts this dramatic transition and illustrates a reversal in the order of SWC by 
depth (i.e. 50-cm SWC is greater than 5-cm SWC for an extended period). All irrigated 
sites during IOP 2 observed an increase or plateauing of SWC, indicating that the 
additional water applied through irrigation was steadily infiltrating through the soil 
profile and allowing SWC to increase or remain unchanged during the time period when 
water extraction by plants was greatest.  
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 Another key factor impacting soil water retention, runoff and infiltration rates 
was the difference in soil type at the irrigated and non-irrigated sites. As shown in Table 
4.5, the soils at the non-irrigated locations east of the Big Blue River (primarily 
hydrologic class D) have higher clay percentages than the hydrologic class C, irrigated 
soils west of the Big Blue River. Due to these differences in characteristics, Topt also 
shows variability between the irrigated and non-irrigated sites. In conclusion, the soils 
present in the south eastern portion of Nebraska are similar, but the slight characteristic 
differences influence factors that cannot be neglected.   
Table 4.5: Soil characteristics of ISFS sites 1-12 including calculated Topt for 25 and 50 cm 
depths. Columns with two values represent sites covering multiple map units in the web 
soil survey. 
Site Soil Type Clay % Sand % Silt % T_opt_25 T_opt_50 
1 Hastings Silt Loam 28.7 8.7 62.6 13.4577 42.0338 
2 Hastings Silt Loam 28.7 8.7 62.6 13.4577 42.0338 
3 Butler Silt Loam 33.2 5.1 61.7 14.8883 48.0944 
4 
Butler Silt 
Loam/Crete Silt 
Loam 
33.2 
34.7 
5.1 
14.4 
61.7 
50.9 
14.8883 
15.3306 
48.0944 
50.1183 
5 
Hastings Silty Clay 
Loam 
29.7 8.4 61.9 13.7891 43.3792 
6 Crete Silt Loam 32.3 5.4 62.3 14.6147 46.8809 
7 
Yutan Silty Clay 
Loam 
27.8 13.2 59 13.1528 40.8238 
8 
Wymore Silty Clay 
Loam/Pawnee Clay 
Loam 
36.6 
36.9 
2.2 
27.5 
61.2 
35.6 
15.8658 
15.9478 
52.6847 
53.0901 
9 
Wymore Silty Clay 
Loam 
37 2.2 60.8 15.975 53.2253 
10 Wymore Silty Clay 37.1 2.1 60.8 16.0021 53.3605 
11 
Wymore Silty Clay 
Loam 
36.8 2.2 61 15.9206 52.955 
12 
Wymore Silty Clay 
Loam/Wymore Silty 
Clay 
37 2.2 60.8 15.975 53.2253 
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4.5 PBL, LCL and LFC Variations 
 To determine variations in PBL, LCL, and LFC heights, radiosonde data from the 
DOW and ISS sites were analyzed. Average PBL heights were calculated for irrigated and 
non-irrigated areas for IOP 1 and 2 using data from all radiosonde launches. The data 
were then plotted with respect to the deployment hours (Figure 4.12). As shown 
previously, ISS 2 and 3 sites were over non-irrigated and irrigated land uses, 
respectively. DOW 8 was located in an irrigated area and DOW 6 and 7 along the 
boundary of non-irrigated and irrigated areas (see Figure 1.1). Results from these 
radiosonde data analyses (Fig. 4.12) indicate that boundary layer heights during the 
early part of the growing season (IOP 1) were higher over both irrigated, transitional and 
non-irrigated environments as compared to the late growing season (IOP 2). Considering 
the weather-wise more active IOP 1 and larger values of sensible heat flux (increased 
surface turbulence), a deeper PBL during this time was expected. In addition, compared 
to non-irrigated locations, the PBL heights over irrigated areas were lower during IOP 2.  
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Figure 4.12: Full IOP average PBL Heights for the DOW sites (6, 7, 8), Rogers Farm (ISS 
site; RF) and York Airport (ISS site; YA) at the respective radiosonde launch times.  
Corresponding values are in the Appendix (Table A.6 and A.7). 
 
 At the apex of the growing season, when surface temperatures and latent heat 
flux are higher and sensible heat flux lower, PBL and LCL heights are expected to be 
lower over both irrigated and non-irrigated areas. Results from IOP 2 (Fig. 4.12) 
demonstrate these expectations with shifts in PBL development time (i.e. earlier in the 
day) associated with less convective activity and quicker stabilization of the near surface 
layer. The soundings from the DOW sites used for this analysis can be found in the 
following section highlighting specific events during both IOP 1 and 2. Note, that the 
difference of heights between LFC and LCL can be used to determine potential for 
convective development. Analysis of LFC height data and their linkages to land use land 
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cover is currently ongoing and not included in the discussions. However, they are (LFC 
heights) included in selected tables below for further ease in understanding of lower 
tropospheric developments.   
  
4.6 Interesting Dates During IOP 1 
 The interesting dates for IOP 1 (and IOP 2) were chosen based on the potential 
for L-A interactions or presence of convective activity disrupting expected energy 
exchanges and meteorological conditions. IOP 1 focused on early growing season 
interactions when irrigation applications were less compared to peak growing season. 
Dates chosen for IOP 1 include 3 June, when conditions were favorable for land-
atmospheric interactions and 9 June, when convective activity impacted the entire 
GRAINEX study area. Data used for analysis of the selected dates (for both IOP 1 and 2) 
include air and dew point temperatures, specific humidity, energy fluxes (specifically 
latent and sensible heat) averages over irrigated and non-irrigated sites, equivalent 
temperatures, surface soil moisture data, modeled root zone moisture profiles, and 
radiosonde profiles from the DOW sites.  
4.6.1. 3 June  
On 3 June, the GRAINEX study region was dominated by high pressure and as a 
result, fair weather and clear skies were observed. A three day stretch of cooler air 
temperatures was observed around 3 June, which reflected the climatological normals 
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as compared to the weeks preceding and following 3 June (Fig. 4.1) where 3 °C to 6 °C 
temperature departures were observed (illustrated in the June 2018 – National Climate 
Report - https://www.ncdc.noaa.gov/sotc/national/201806). It can be noted based on 
Figure 4.13, latent and sensible heat fluxes were very similar over both irrigated and 
non-irrigated areas since both were subject to similar meteorological conditions and 
potentially limited  moisture associated with irrigation (early growing season). 
 
Figure 4.13: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on 3 June.  
 
The difference of equivalent temperatures between irrigated and non-irrigated 
areas were small (Fig. 4.9). The soil moisture model (Fig. 4.11) indicated that 3 June was 
the initiation date for a stretch of drying for both irrigated and non-irrigated sites until 
precipitation on 9 June (which is the secondary date of interest analyzed during IOP 1). 
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The DOW soundings of 3 June (Fig. 4.14) suggest a significantly dry layer between 800 
and 750 hPa (2200 to 3200 meters above MSL) was the upper limit of the boundary 
layer’s development at both the DOW and ISS radiosonde sites. PBL and LCL heights for 
all launches on 3 June can be found in Table 4.6. Notably, 3 June had the highest 
average PBL heights compared to all other dates from IOP 1.  
 
Figure 4.14: Soundings from the 1700 (left) and 2100 (right) UTC (12:00 and 4:00 p.m. 
LT) launches on 3 June at the DOW 6 location (exact site coordinates found in Table 3.5).  
 
 From the observations in Table 4.6, it is found that fair weather conditions were 
favorable for observing relatively high PBL heights. Since 3 June was during IOP 1, it is 
reasonably assumed that smaller amounts of irrigation were occurring and the 
differences observed in PBL heights at the five locations throughout the day were most 
likely associated with the land use type hindering or assisting daytime mixing and thus 
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slowing or speeding up the development of the PBL. An example of this difference can 
be observed during 1700 UTC (12:00 p.m. LT) when the radiosonde from the York 
Airport (ISS 3) experienced a lower PBL than the other four sites, but by the 2100 UTC 
(4:00 p.m. LT) launch comparable PBL heights were observed at all five locations. This 
suggests slower development of the PBL over irrigated areas.  
Table 4.6: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 3 June. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL    2211 2168 2254 2320 549 
LCL 1161  2257 2794 3127 3154 3241 3161 
LFC         
DOW 7 PBL  556 976 2562  2496 2314 2118 
LCL 1030 1656 2324 2697 2948 3178 3340 2920 
LFC         
DOW 8 PBL   814 2423 2323  2297  
LCL 917 1308 2094 2773 3079 3238 3251 3101 
LFC         
Rogers 
Farm 
PBL    2474 2445 2391   
LCL 1100 1387 2162 2723 2788 2880 2492 1967 
LFC         
York 
Airport 
PBL  574  1899  2378 2397  
LCL 858 1256 1911 2643 2826 2820 3027 2615 
LFC         
  
4.6.2. 9 June  
 This day (9 June) experienced significant convective activity in the form of an 
afternoon mesoscale convective system (8 June) forming in southern South Dakota and 
central Nebraska and propagating east. Impacts to the GRAINEX study area were 
observed in the early morning hours (9 June) and included damaging winds and heavy 
rain. A southerly low-level jet provided a rich source of moisture and large buoyancy, 
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which gave this system its convective potential. Larger differences between irrigated 
and non-irrigated site averages were observed on 9 June (approximately 3° C) with air 
temperatures over the irrigated region being higher than the non-irrigated site air 
temperatures (Fig. 4.1 and Fig. 4.2). This difference is likely associated with the west to 
east propagation of the storm and the delayed early morning heating of the eastern 
sites (non-irrigated) due to residual cloud cover. Irrigated latent and sensible heat flux 
were responsive to this differential heating and therefore higher and lower respectively.  
(Fig. 4.15). 
 
Figure 4.15: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on 9 June.  
 
 As discussed previously, on 8-9 June precipitation ended a period of drawdown 
in soil moisture with some sites experiencing much greater precipitation totals then 
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others (Fig. 4.11). Lastly, the DOW sounding data from this event did not capture the 
storm passage due to the timing of the launches but they do reflect the early morning 
cloud cover and additional surface moisture that impeded PBL growth (Fig. 4.16). The 
heights of the PBL and LCL were notably lower than those on 3 June and can be found in 
Table 4.6.  
  
Figure 4.16: Figure 4.16: Soundings from the 1700 (left) and 2100 (right) UTC (12:00 and 
4:00 p.m. LT) launches on 9 June at the DOW 7 location (exact site coordinates found in 
Table 3.5).  
 
 Since the 9 June precipitation event occurred during the morning hours outside 
of the launch window of the radiosondes, no rapid increase in PBL heights were 
observed (via Table 4.7) and by the 1100 UTC (6:00 a.m. LT) launch, any development 
that had occurred associated with the early morning convection had diminished. It is 
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evident from Table 4.7 that there was a tendency of lower PBL and LCL heights over 
irrigated areas compared to non-irrigated areas during the peak PBL growth period (mid 
to early afternoon). For example, over the irrigated York Airport area, PBL and LCL 
heights at 1900 UTC (2:00 p. m. LT) were 1416 and 1649 m, respectively (Table 4.7). At 
the same time, PBL and LCL heights were 1496 and 1723 m, respectively over Rogers 
Farm (Table 4.7). In addition, compared to 3 June (Table 4.6), PBL development occurred 
much slower on 9 June and lowering of the PBL occurred early in the afternoon.  LCL 
heights also remained low associated with near surface instability and higher moisture 
content within the PBL.   
Table 4.7: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 9 June. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL    1327 1481 1858 946 514 
LCL 1387 1362 1965 1851 1827 1949 1727 1643 
LFC  6251 4843 3910 3622 3471 3183 3066 
DOW 7 PBL   737 1526 1576 1722  640 
LCL 565 1536 1753 1869 1806 1973 1710 1703 
LFC 5486 5059 4126 3822 3305 3375 3141 3194 
DOW 8 PBL   758 1568 1428 1710 1077 536 
LCL 618 1034 1539 1785 1840 1965 1703 1655 
LFC 4962 4747 3820 3625 3492 3498 3126 3035 
Rogers 
Farm 
PBL   462 1082 1496    
LCL  1043 1857 1471 1723 1875 1465 1244 
LFC  5207 4304 3590 3417 3279 2763 2714 
York 
Airport 
PBL  552 822  1416 1762   
LCL  1133 1486 1520 1649 1899 1735 1482 
LFC  4560 3965 3329 3074 3171 2888 2405 
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4.7 Interesting Dates During IOP 2 
 Similar to IOP 1, IOP 2 consisted of cooler and drier periods interspersed by 
sporadic rain events. The number of precipitation events were notably less during the 
second half of the growing season (including the IOP 2 window) resulting in increased 
irrigation at ISFS sites 1 through 6. Since IOP 2 targeted the peak growing season, four 
dates were chosen for analysis as compared to the two discussed for IOP 1. These dates 
include 19 July which exhibited an early morning severe weather event with heavy 
precipitation simultaneously impacting irrigated and non-irrigated portions of the 
GRAINEX study area starting around 0600 UTC (1:00 a.m. Local Time) and 22, 23, and 24 
July which included a day of widespread precipitation (23 July) bookended by two days 
of strong L-A interactions (22 and 24 July).  
4.7.1 19 July  
  In the early morning hours of 19 July, a multicellular convective complex 
originating from a closed upper-level low in western South Dakota moved southeast 
across Nebraska and into parts of Iowa, Missouri, and Kansas. A moist and unstable 
downstream air mass fueled the growth and progression of this system. The initial cold 
front passage produced super cells in the late evening of 18 July, which remained west 
of the study area, but associated stratiform precipitation extended over the irrigated 
sites. The secondary boundary, which produced the complex that impacted the 
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GRAINEX area the morning of 19 July, formed multiple cells, of which, the most severe 
were located west of the Big Blue River where irrigation was actively occurring.  
 Prior to the precipitation event, higher air temperatures were observed over 
irrigated areas. Following the precipitation event, higher air temperatures were 
observed over non-irrigated areas and conversely lower dew point temperatures and 
specific humidity (Fig. 4.1, 4.2 and 4.3). Alternatively, lower air temperatures and higher 
dew point temperatures and specific humidity were observed over irrigated areas (Fig. 
4.1. 4.2, and 4.3). Latent heat fluxes were dominant prior to and following the 
precipitation over the irrigated sites (Fig. 4.17).  Through investigation of the soil 
moisture data, noticeable drying of the modelled soil moisture was observed at the non-
irrigated sites prior to the 19 July precipitation event (Fig. 4.11). In response to the 
precipitation, peaks in the 5-cm SWC at both irrigated and non-irrigated sites were 
observed.  
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Figure 4.17: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on July 19th.  
 
Once again, timing of the radiosonde launches were unable to capture the 
immediate impacts from the precipitation event. However, the late day soundings 
indicated PBL development and reduced heights as compared to soundings from IOP 1. 
This difference was due to access moisture and scattered cloud cover present mainly 
over the non-irrigated sites throughout the 19 July. For example, data from the 1900 
UTC (2:00 p.m. LT) launch (Table 4.8) on 19 July indicates slightly greater PBL heights for 
the York Airport (irrigated) than Rogers Farm (non-irrigated). This difference was likely 
due to residual cloud cover limiting daytime heating over the non-irrigated sites and not 
associated with surface moisture, as the previous discussion indicated higher SWC in the 
irrigated areas. Other launches including the 1300 and 1500 UTC (8:00 a.m. and 10:00 
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a.m. LT, respectively) indicate lower PBL heights over the irrigated sites, which is 
expected. 
  
Figure 4.18: Soundings from the 1900 (left) and 2100 (right) UTC (2:00 and 4:00 p.m. LT) 
launches on 19 July at the DOW 8 location (exact site coordinates found in Table 3.5). 
 
 The PBL and LCL heights of 19 July (Table 4.8) indicate a similar lack in rapid 
increase (like 9 June) due to the precipitation occurring throughout the overnight hours. 
Both PBL and LCL heights for all sites on 19 July were notably lower, even when 
compared to 9 June, when similar weather conditions were occurring. These differences 
were especially noticeable during the 1900 and 2100 UTC (2:00 p.m. and 4:00 p.m. LT, 
respectively) launch windows, which would correspond to peaks in daytime heating and 
the times when the greatest influxes in PBL growth should occur. For example, all PBL 
heights for the 1900 and 2100 UTC launches on 9 June were above 1400 m, the lowest 
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of which was 1416 m at the York Airport (irrigated) at 1900 UTC (2:00 p.m. LT). For 19 
July, the highest PBL was 1367 m at DOW7 (transitional) at 2100 UTC (4:00 p.m. LT). All 
sites experienced large reductions in PBL height due to higher latent heat flux linked to 
moisture from irrigation and precipitation. 
Table 4.8: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 19 July. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL 507  891  1161 1120 1059  
LCL 1328 693 1066  1852 2016 1861 1437 
LFC  3498 2853  3701 3505 3175 2929 
DOW 7 PBL  597 925 817 1078 1367 1507 557 
LCL  1002 1278 1472 1507 2183 2093 1685 
LFC  3727 3192 3805 3239 3422 3684 3221 
DOW 8 PBL   500  1030 1208 1227  
LCL  518 694  1791 1990 1876 1451 
LFC  3785 2216  3570 3486 3469 2855 
Rogers 
Farm 
PBL  464 827 1092 859 1066 464  
LCL  609 852 1196 1487 1561 1589 1392 
LFC 2701 2870 2408 2267 3245 2936 2776 3209 
York 
Airport 
PBL  564 842  999    
LCL 543 577 1066 1296 1547 1828 1582 1287 
LFC 4749 3584 2975 3081 3325 3344 2797 2639 
 
4.7.2 22, 23, and 24 July  
 Conditions on 22 July were dominated by high pressure, with relatively clear 
skies following the dissipation of early morning fog. Seasonally normal air temperatures 
were observed throughout the entire period of interest. A cold front associated with a 
low pressure system in central Canada propagated through the GRAINEX study area 
during the morning hours of 23 July, bringing with it a swath of precipitation moving 
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from Northwest to Southeast over the irrigated cropland that dissipated as it 
transitioned over the non-irrigated cropland. A secondary boundary formed to the east 
of the non-irrigated sites along the Missouri river valley. Conditions remain overcast into 
the afternoon of the 23 July and sporadic showers were observed throughout the study 
area. High pressure returned to the area and created optimal conditions for observing L-
A interactions on 24 July.  
Air temperature differences over irrigated and non-irrigated regions were 
minimal (Fig. 4.1), but it is notable that irrigated areas were slightly cooler on 22 and 24 
July when clear skies and solar radiation allowed for evapotranspiration to occur. On 23 
July, when conditions were overcast over the GRAINEX study area and precipitation was 
occurring over irrigated sites (saturated near surface atmosphere), no additional cooling 
associated with evapotranspiration was observed.  Observed dew point temperatures 
were higher for 22 and 23 July over irrigated sites. Fog and precipitation were also 
observed during this period and over the western portion of the study area where 
irrigated sites were located. Both irrigated and non-irrigated dew point temperatures 
were lower on 24 July with non-irrigated area midday dew point temperatures 
remained higher than irrigated dew point temperatures. This was likely associated with 
slower morning fog ‘burn off’ leaving residual moisture in the non-irrigated areas (Fig. 
4.2). Likewise, the same pattern was observed in specific humidity (Fig. 4.3). For all 
three days, average latent heat fluxes over both irrigated and non-irrigated sites were 
higher than sensible heat fluxes (Fig. 4.19-4.21).  
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Figure 4.19: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on 22 July.  
 
 
Figure 4.20: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on 23 July.  
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Figure 4.21: 30-minute averaged latent (LE) and sensible (H) heat flux for irrigated and 
non-irrigated sites on 24 July.  
 
 As expected, TE over irrigated areas was greater for all three days with the 23 
July TE values being the largest for both irrigated and non-irrigated sites (Fig. 4.10). Since 
air temperatures for irrigated and non-irrigated sites remained largely unchanged for 
these dates, it is likely that the atmospheric moisture contributed to this increase.  
Precipitation amounts from the 23 July event had little or no impact on the soil moisture 
of higher depths in both irrigated and non-irrigated areas (Fig. 4.11).  Reductions in SWC 
continued into the later part of IOP 2 and drying was clearly slower for the ISFS sites 1-6 
due to irrigation application.  DOW soundings during these dates show a well-developed 
PBL on 22 July (Fig. 4.22), a rapidly growing PBL in the late afternoon as the cloud cover 
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dissipated on 23 July (Fig. 4.23), and the return to a typical PBL under high pressure on 
24 July (Fig. 4.24). The PBL and LCL heights for 22, 23, and 24 July can be found in Table 
4.9, 4.10, and 4.11, respectively. A notable observation included in these tables was the 
consistent PBL heights for Rogers Farm and the York Airport on 23 July associated with 
the precipitation event, cloud cover and moist atmosphere. Once the precipitation 
passed and high pressure returned to the area (i.e. 24 July), a significant difference 
between the York Airport and Rogers Farm PBL heights became apparent (please 
consider 1900 UTC launch values in Table 4.11).   
 
Figure 4.22: Soundings from the 1500 (left) and 1900 (right) UTC (10:00 a.m. and 2:00 
p.m. LT) launches on 22 July at the DOW 6 location (exact site coordinates found in Table 
3.5).  
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 From the observations in Table 4.9, notably higher mid-afternoon PBL heights 
were seen for the DOW6 and Rogers Farm sites, which resided in non-irrigated and 
transitional regions of the study area, than DOW7, DOW8 and the York Airport. During 
the 2100 UTC launch (4:00 p.m. LT), PBL heights for DOW6 and Rogers Farm were 1440 
m and 1414 m. These were the two highest PBL heights for this launch time. This is 
compared to the launch two hours prior (1900 UTC; 2:00 p.m. LT) where Rogers Farm 
had the lowest PBL height of the launch time (1298 m) and DOW6 had the highest of the 
launch time and the day (1498 m). For the late afternoon launches (2300 UTC; 6:00 p. m. 
LT), PBL heights over highly irrigated sites such as DOW8 and York Airport continued to 
rise while PBL heights at the non-irrigated site such as Rogers Farm and DOW 6 had 
already begun to lower for the day. It is likely that not only was PBL and LCL heights 
suppressed by the access moisture associated with irrigation at that time, but also the 
residual moisture caused a lag effect in the growth of the PBL. This is also visible in the 
averages plotted in Figure 4.12.  
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Table 4.9: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 22 July. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL  567 1008 1308 1498 1440 1396 821 
LCL 630 835 1263 1589 1752 1845 1960 1421 
LFC         
DOW 7 PBL  627 1029 1355 1370  1360 1118 
LCL 626 835 1214 1585 1811  1905 1429 
LFC        4208 
DOW 8 PBL    1386  1364 1412  
LCL    1542  1935 1939 1460 
LFC        4227 
Rogers 
Farm 
PBL  417 621 1284 1298 1414 426 409 
LCL  570 989 1306 1496 1670 1454 1208 
LFC    5191 4881 5630 3960 4157 
York 
Airport 
PBL  652  1305 1346 1344 1354  
LCL 704 854 1108 1210 1493 1644 1491 1278 
LFC    4750 5061 8594 3979 4236 
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Figure 4.23: Soundings from the 1300 (left) and 2100 (right) UTC (8:00 a.m. and 4:00 
p.m. LT) launches on 23 July at the DOW 8 location (exact site coordinates found in Table 
3.5).  
 
 The observations in Table 4.10 show the timeline discussed previously for 23 
July. The morning and early afternoon (1300 and 1500 UTC; 8:00 a.m. and 10:00 a.m. LT) 
values for PBL and LCL were lower than the previous day being significantly impacted by 
the newly introduced surface moisture. As the day progressed and the moisture at the 
surface had time to be used by the plants or evaporated, rapid expansion of the PBL 
occurred in the late afternoon (2300 and 0100 UTC; 6:00 p.m. and 8:00 p.m. LT). These 
values for PBL and LCL heights are comparable to the early afternoon (1900 and 2100 
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UTC; 2:00 p.m. and 4:00 p.m. LT) heights on 25 July, which was dominated by high 
pressure and longer exposure to solar radiation. 
Table 4.10: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 23 July. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL   797 1261  1637  564 
LCL 836  896 1250  1367  1646 
LFC 4579  1429 2801  1367  4786 
DOW 7 PBL   812  1282 1221 1736  
LCL 690  892  1248 1352 1615 1591 
LFC   3261  1335 1361 3851 4778 
DOW 8 PBL    1250 1143 1396 1841 624 
LCL  620  1357 1242 1471 1605 1621 
LFC  1106  1405 1289 1515 2450  
Rogers 
Farm 
PBL  419 781 1096 1157 1322 1528 411 
LCL 625 496 1013 1191 1281 1260 1338 1160 
LFC  6271 1416 1380 2762  1338 1340 
York 
Airport 
PBL     1097 1307   
LCL  617 919 854  1149 1356 1074 
LFC 3003 2570 2821   1149 3753 4237 
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Figure 4.24: Soundings from the 1700 (left) and 2100 (right) UTC (12:00 a.m. and 4:00 
p.m. LT) launches on 24 July at the DOW 7 location (exact site coordinates found in Table 
3.5).  
 
 The 24 July case study during IOP 2 is most comparable to the 3 June case study 
during IOP 1 where high pressure was dominant. Although these dates were 
meteorologically similar, differences between Table 4.6 and Table 4.11 illustrate the 
impacts increased surface moisture, both natural and irrigated, have on the lower 
atmosphere. The observed PBL and LCL heights of all sites on the 24 July were much 
lower than those observed on 3 June and other comparable dates during IOP 1. A delay 
in PBL growth is also noted when comparing the 3 June observed values (Table 4.6) to 
the 24 July values (Table 4.11). 
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Table 4.11: PBL and LCL heights (in meters above MSL) from DOW 6, 7, 8, Rogers Farm 
and York Airport radiosonde launches on 24 July. 
 1100  1300 1500 1700 1900 2100 2300 0100 
DOW 6 PBL   828 1399 1640 1649 1567 603 
LCL   1451 1852 1941 2168 2166 1872 
LFC   4419 4957 4466 6144 3852 3873 
DOW 7 PBL   947 1449 1658 1712 1534 1118 
LCL 822 872 1510 1799 2135 2135 2238 1894 
LFC   4443 4689 4732 6635 7241 3598 
DOW 8 PBL   707  1564 1699  1325 
LCL 814  1291  1995 2180  1923 
LFC   4121  4514 4706  3710 
Rogers 
Farm 
PBL  423 591 1287 1453  1397  
LCL  542 1065 1568 1732 1845 2096 1512 
LFC   4549 4353 4822 4851 4646 3830 
York 
Airport 
PBL    1255 1366   627 
LCL 549 669 1075 1552 1733 1525 1770 1530 
LFC   3690 4271 4090 2964 3596 2995 
 
 The data from GRAINEX suggests lower PBL and LCL heights over irrigated sites 
were most noticeable during IOP 2 when irrigation was more widespread. During the 
case study dates impacted by convective precipitation initiating early in the day (9 June, 
19 July and 23 July), lower PBL heights were seen due to additional surface moisture, 
subsequent cloud cover and cooler temperatures associated with frontal passage(s).  
Lower sensible heat and a smaller differences between latent and sensible heat flux 
were observed over irrigated and precipitation impacted regions. Overall, these findings 
support previous findings addressing the connectivity of surface fluxes and planetary 
boundary layer development and stability linked to increased soil moisture (Eltahir and 
Pal, 1996; Eltahir, 1998; Findell and Eltahir, 1999; Pielke et al., 2007; Winchester et al., 
2017).  Lower PBL and LCL heights provide increased potential for cloud development 
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and convective initiation. Stratiform and other low level cloud formations (fog) were 
also associated with the increased surface moisture in irrigated regions.  
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CHAPTER 5 
CONCLUSIONS 
 Humans rely on agriculture to provide food, fiber, and a variety of other 
resources. Recent shifts in temperature and precipitation patterns have been addressed 
with new technology and farming techniques in order to ensure crop yields match the 
demands from the global market. Transitioning from horse-drawn plows to large 
mechanical equipment (running on carbon rich fuel) has positively impacted the ability 
of the farmer to grow more product, but negatively impacted global CO2 levels along 
with other industrial and socio-economic activities. Deforestation has caused warming 
in tropical regions and changes to Earth’s surface albedo; reforestation efforts have 
reclaimed some of the land impacted by deforestation, but efforts must continue to re-
establish what has been lost.  Deforestation and reforestation is also known as land use 
land cover change (LULCC). 
   During the 20th Century, the Great Plains of the United States have experienced 
significant LULCC where humans overturned natural grassland to irrigated and non-
irrigated agriculture. The LULCC not only changes albedo, it also impacts energy 
partitioning and various near surface meteorological variables, evolution of the 
planetary boundary layer, and meteorological events.  These changes particularly 
become magnified under irrigated conditions. The repartitioning of heat and energy, as 
well as localized changes in air temperature and moisture throughout the Great Plains, 
associated with the widespread adoption of irrigation is complex and multifaceted. In 
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order to understand these relationships, extensive data collection effort is required and, 
in response, GRAINEX was conducted.  
 The analysis presented in this thesis explores a variety of meteorological 
variables including air temperature, dew point temperature, specific humidity, 
equivalent temperature, latent and sensible heat fluxes. In addition, the evolution of 
PBL and LCL heights were also analyzed. These variables are dependent on moisture 
(natural and artificially applied) and differences were observed between irrigated and 
non-irrigated areas specifically in the latter half of the growing season. Compared to IOP 
1, maximum air temperatures over irrigated areas averaged ~2.75 °C lower during IOP 2, 
while dew point temperatures and specific humidity averaged ~0.8 °C and 0.01 higher, 
respectively. In addition, when we compared data from irrigated and non-irrigated sites, 
latent and sensible heat fluxes during IOP 1 were somewhat similar and conversely, 
more pronounced during IOP 2. Differences between average irrigated and non-irrigated 
latent and sensible heat fluxes during IOP 1 were 14.62 Wm-2 and 7.24 Wm-2, 
respectively. During IOP 2, differences in average irrigated and non-irrigated latent and 
sensible heat fluxes were 20.46 Wm-2 and 17.08 Wm-2, respectively. Over irrigated 
areas, latent heat was larger and sensible heat smaller than over non-irrigated areas. An 
example of this is observed in 30 minute plots of latent and sensible heat fluxes on days 
with strong L-A interactions like 3 June, 22 and 24 July (Fig. 4.13, 4.19 and 4.21, 
respectively). This difference illustrates the repartitioning of energy associated with 
access moisture in the cropping system. 
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 Equivalent temperature (TE) calculations were completed to analyze variability 
associated with the gradual increase in irrigation throughout the growing season. As 
expected, TE values were somewhat similar at irrigated and non-irrigated sites during 
IOP 1, but higher over irrigated areas during IOP 2. For example, average TE differences 
between irrigated and non-irrigated sites were 0.11 °C and 2.03 °C during IOP 1 and 2, 
respectively. Since moisture notably influences TE, higher TE over irrigated areas suggests 
a significantly higher moisture contribution as compared to the non-irrigated TE values 
in IOP 2. Root zone soil moisture profiles at 25 and 50 cm depths were modelled utilizing 
the 5 cm soil moisture observations collected at the ISFS sites and the Wang et al. (2017) 
Exponential Filter Model. These data provided a detailed assessment of subsurface 
conditions and the magnitude and timing of the SWC responses to precipitation and 
irrigation applications, as well as plant uptake and soil drawdown throughout the 
season. The results of this model allowed for tracking of precipitation events and the 
visualization of a third dimension that contributed to changes in surface and lower 
atmospheric conditions. 
To explore lower tropospheric conditions (specifically contained within the PBL), 
data from the radiosonde launches at the three DOW locations, Rogers Farm and the 
York Airport were referenced throughout this analysis. The sounding data were used to 
complete lifting condensation level (LCL), level of free convection (LFC), and PBL height 
calculations. The results suggest discernably lower LCL and PBL heights over irrigated 
areas during the second half of the growing season (IOP 2). A total of about 1200 (~40 
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per day over a 100 x 100 km area) radiosondes were launched during the two 15 day 
IOP windows. There was some noise in the data; however, analyses were still able to 
show the higher PBL heights during IOP 1, associated with larger sensible heat and 
increased turbulence, and lower PBL heights during IOP 2, associated with rapid plant 
growth, applications of irrigation due higher plant-water demand, and resultant 
increased latent heat flux. The conclusions of this research are further summarized in 
Figure 5.1.  
 
Figure 5.1. A simplified conceptual model highlighting the impacts of irrigation and non-
irrigation. (Modified from Winchester et al. (2017)).  
 
From this analysis it is clear that the data from GRAINEX can be used to explore 
land-atmospheric interactions and more specifically the impacts of irrigation on near 
surface atmospheric conditions, the PBL, and the lower troposphere. With the new 
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insights provided by GRAINEX, a thorough understanding of the meteorological, 
climatological, and LULCC impacts associated with agriculture and irrigation can be more 
accurately quantified and properly addressed as the global community continues the 
work towards establishing a healthier and sustainable planet for generations to come.  
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Figure A.1a-h. a) An irrigated ISFS tower (site #1 in Fig. 1) at the beginning of the IPO2 
with a center pivot irrigation system in the background; b) a tripod with net radiometer 
during IOP1, c) same ISFS tower during IOP2 (middle of the growing season; d) net 
radiometer during IOP2 (middle of the growing season); e) ISS Wind profiler; f) a 
launched radiosonde balloon; g) one of the three Doppler on Wheels (DOW) and h) an 
EMESH station next to an irrigated field. 
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Table 1.A. Locations of EMESH sites deployed during GRAINEX.  
Site Latitude  Longitude Site Latitude Longitude Site Latitude Longitude 
0 40.9884 -97.4461 29 40.6692 -97.1115 57 40.6622 -97.4842 
2 40.6399 -96.2634 30 41.3219 -97.1243 60 40.5103 -96.7102 
5 40.9264 -96.2457 31 41.3378 -97.2742 64 40.3452 -96.4166 
6 40.5231 -95.8769 32 40.4805 -97.5579 65 40.5504 -97.0499 
7 40.8448 -96.3032 33 40.6365 -97.5789 66 40.5961 -96.8869 
8 40.6853 -96.0830 34 40.3974 -97.5016 67 40.7381 -97.5983 
9 40.7557 -97.2872 35 40.4806 -96.9067 68 40.6429 -97.2838 
10 40.5826 -96.3956 37 40.4670 -96.8565 69 40.4870 -97.4636 
11 40.5355 -96.1313 38 41.0736 -96.9372 70 40.5094 -97.0833 
12 40.5226 -96.8372 39 41.1756 -96.4006 71 40.6526 -96.9163 
13 40.9479 -97.1238 40 41.1772 -96.5436 80 40.4689 -96.6111 
14 41.0031 -97.2256 41 41.1033 -96.5164 81 40.4377 -97.3261 
15 40.4514 -96.7608 42 41.3869 -96.8461 82 40.4529 -96.5239 
16 40.8933 -97.1061 43 41.3799 -96.6213 83 40.4800 -97.0375 
17 41.0073 -97.6014 44 41.1256 -97.2921 84 40.4745 -96.9695 
18 40.6087 -96.6710 46 41.2527 -97.0042 85 40.6399 -96.9902 
19 40.7198 -97.3526 47 41.2480 -96.4542 86 40.4506 -96.8839 
20 40.5659 -96.9788 48 41.3073 -96.6536 87 40.3804 -96.7315 
21 40.7704 -97.0754 49 41.3039 -96.9097 89 40.4844 -96.3497 
22 40.4888 -96.2423 50 41.1991 -97.1568 94 40.7852 -97.8028 
23 40.8810 -97.7514 51 41.1849 -97.3682 95 41.1627 -97.5976 
24 41.1044 -97.0153 52 40.5379 -97.3070 96 41.1675 -97.5502 
25 40.6202 -97.1786 53 41.1078 -96.7741 97 40.8704 -97.5595 
26 40.8876 -97.3523 54 40.9450 -97.5980 98 41.0782 -97.6018 
27 41.3875 -97.0736 55 40.8239 -96.3350 99 40.9135 -96.8714 
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Table A.2: Daytime (11 UTC to 1 UTC) average, minimum and maximum air temperature 
(T) and dew point temperature (Td) for irrigated and non-irrigated sites during IOP 1. 
Values correspond to Figure 4.1.  
IOP #1 – Irrigated vs. Non-Irrigated Full Day Average Air Temperature (T) and Dew 
point Temperature (Td) 
 Date T (°C) Td (°C) 
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
Avg. 
Min/Max 
24.03 (15.34 to 29.25) 
27.31 (16.28 to 33.03) 
29.39 (16.75 to 34.58) 
21.64 (15.39 to 24.94) 
23.17 (11.46 to 27.42) 
21.83 (16.51 to 27.08) 
27.42 (14.13 to 33.42) 
29.27 (18.25 to 35.12) 
24.72 (19.42 to 28.80) 
27.65 (16.67 to 32.43) 
27.25 (17.73 to 33.01) 
29.35 (21.01 to 36.46) 
28.16 (23.42 to 34.88) 
25.16 (16.52 to 30.48) 
23.37 (11.99 to 27.52) 
25.98 (11.46 to 36.46) 
16.72 / 31.23 
17.37 (14.35 to 18.83) 
18.02 (14.55 to 19.61) 
19.57 (15.20 to 21.43) 
13.90 (11.61 to 17.37) 
11.94 (8.79 to 14.26) 
14.16 (9.94 to 17.07) 
18.77 (13.01 to 21.26) 
21.50 (17.44 to 23.38) 
17.35 (14.23 to 19.49) 
19.68 (15.97 to 21.10) 
20.56 (15.56 to 23.60) 
22.00 (19.29 to 25.37) 
21.98 (18.59 to 23.99) 
18.79 (16.03 to 21.09) 
15.21 (10.60 to 17.24) 
18.05 (8.79 to 25.37) 
14.34 / 20.34 
Non-
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
Avg. 
Min/Max 
24.41 (15.88 to 30.19) 
28.53 (18.04 to 33.60) 
30.12 (18.30 to 35.64) 
22.07 (14.97 to 25.79) 
23.59 (12.43 to 28.12) 
21.74 (14.86 to 26.04) 
27.41 (15.14 to 33.34) 
29.80 (20.28 to 34.84) 
24.34 (18.99 to 28.42) 
27.97 (18.56 to 32.57) 
28.05 (18.90 to 32.95) 
27.89 (20.86 to 32.58) 
27.94 (18.65 to 34.71) 
24.86 (17.82 to 28.91) 
23.22 (14.97 to 26.40) 
26.13 (12.43 to 35.64) 
17.24 / 30.94 
17.54 (14.77 to 19.16) 
18.52 (14.47 to 20.49) 
19.54 (16.01 to 21.71) 
14.86 (11.18 to 18.67) 
12.02 (8.00 to 14.22) 
13.00 (8.96 to 15.71) 
18.88 (13.20 to 21.08) 
21.61 (18.91 to 23.68) 
17.74 (14.15 to 20.31) 
20.53 (17.37 to 22.76) 
20.13 (14.67 to 24.85) 
21.49 (18.76 to 23.91) 
20.94 (15.64 to 25.38) 
20.45 (15.87 to 22.71) 
14.91 (11.95 to 17.14) 
18.14 (8.00 to 25.38) 
14.26 / 20.79 
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Table A.3: Daytime (11 UTC to 1 UTC) average, minimum and maximum air temperature 
(T) and dew point temperature (Td) for irrigated and non-irrigated sites during IOP 2. 
Values correspond to Figure 4.2.  
IOP #1 – Irrigated vs. Non-Irrigated Full Day Average Air Temperature (T) and Dew 
point Temperature (Td) 
 Date T (°C) Td (°C) 
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
Avg. 
Min/Max 
25.49 (18.02 to 31.15) 
22.38 (19.03 to 26.69) 
24.57 (18.70 to 28.58) 
26.69 (18.09 to 31.70) 
23.86 (15.69 to 28.79) 
25.11 (15.61 to 29.43) 
24.52 (17.16 to 29.33) 
25.08 (18.75 to 29.87) 
23.90 (11.95 to 29.25) 
21.98 (15.02 to 27.29) 
23.02 (14.10 to 27.93) 
21.32 (13.13 to 26.29) 
22.26 (15.80 to 27.25) 
21.80 (16.31 to 26.79) 
20.71 (14.98 to 26.92) 
23.51 (11.95 to 31.70) 
16.16 / 28.49 
22.33 (17.72 to 25.85) 
21.19 (17.75 to 23.12) 
21.91 (18.89 to 24.30) 
22.15 (18.12 to 25.01) 
19.98 (15.46 to 23.36) 
20.52 (15.72 to 23.50) 
20.22 (16.97 to 22.42) 
21.59 (18.21 to 24.33) 
18.47 (11.91 to 22.26) 
19.57 (15.08 to 23.09) 
18.16 (14.14 to 20.90) 
17.41 (13.30 to 20.12) 
18.63 (15.80 to 21.15) 
18.23 (16.44 to 20.66) 
17.46 (13.49 to 20.00) 
19.85 (11.91 to 25.85) 
15.93 / 22.67 
Non-
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
Avg. 
Min/Max 
26.64 (19.63 to 31.46) 
21.35 (18.39 to 25.23) 
24.36 (17.86 to 37.50) 
27.56 (19.79 to 31.99) 
24.63 (16.72 to 28.73) 
25.44 (17.49 to 29.46) 
24.75 (16.37 to 29.40) 
25.21 (19.58 to 29.45) 
24.72 (14.19 to 29.61) 
22.90 (14.61 to 28.65) 
23.82 (15.52 to 28.70) 
22.22 (12.28 to 27.65) 
21.74 (16.44 to 25.58) 
21.97 (15.71 to 26.93) 
21.63 (0.00 to 26.06) 
23.93 (0.00 to 37.50) 
15.64 / 29.09 
22.61 (19.02 to 24.47) 
19.97 (18.08 to 21.91) 
21.19 (18.22 to 25.40) 
22.11 (18.71 to 24.58) 
18.98 (13.74 to 21.98) 
19.51 (17.19 to 21.48) 
19.01 (16.65 to 20.73) 
20.54 (17.80 to 22.80) 
17.61 (13.80 to 19.86) 
18.57 (14.61 to 21.82) 
17.31 (14.71 to 19.80) 
15.82 (12.20 to 19.04) 
18.13 (16.46 to 20.03) 
17.87 (15.65 to 19.79) 
16.93 (0.00 to 19.81) 
19.08 (0.00 to 25.40) 
15.12 / 21.57 
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Table A.4: Daytime (11 UTC to 1 UTC) average, minimum and maximum specific 
humidity (q) using calculation method 1 (Equation 4) and 2 (Equation 5) for irrigated and 
non-irrigated sites during IOP 1. Values correspond to Figure 4.3. Note: specific humidity 
is unitless.  
IOP #1 – Irrigated vs. Non-Irrigated Full Day Average Specific Humidity (q) 
 Date Method #1 Method #2 
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
0.013 (0.011 to 0.014) 
0.012 (0.009 to 0.015) 
0.013 (0.010 to 0.016) 
0.010 (0.008 to 0.013) 
0.008 (0.006 to 0.009) 
0.011 (0.008 to 0.013) 
0.013 (0.010 to 0.016) 
0.016 (0.012 to 0.019) 
0.013 (0.011 to 0.015) 
0.014 (0.012 to 0.016) 
0.016 (0.012 to 0.019) 
0.017 (0.013 to 0.021) 
0.017 (0.015 to 0.019) 
0.014 (0.011 to 0.017) 
0.011 (0.009 to 0.013) 
0.013 (0.006 to 0.021) 
0.013 (0.011 to 0.014) 
0.014 (0.011 to 0.015) 
0.015 (0.011 to 0.017) 
0.010 (0.009 to 0.013) 
0.009 (0.007 to 0.010) 
0.011 (0.008 to 0.013) 
0.014 (0.010 to 0.017) 
0.017 (0.013 to 0.019) 
0.013 (0.011 to 0.015) 
0.015 (0.012 to 0.016) 
0.016 (0.012 to 0.019) 
0.018 (0.015 to 0.021) 
0.017 (0.014 to 0.020) 
0.014 (0.012 to 0.016) 
0.011 (0.008 to 0.013) 
0.014 (0.007 to 0.021) 
Non-
Irrigated 
5/30/2018 
5/31/2018 
6/1/2018 
6/2/2018 
6/3/2018 
6/4/2018 
6/5/2018 
6/6/2018 
6/7/2018 
6/8/2018 
6/9/2018 
6/10/2018 
6/11/2018 
6/12/2018 
6/13/2018 
Full IOP 
0.013 (0.011 to 0.015) 
0.012 (0.009 to 0.015) 
0.013 (0.009 to 0.016) 
0.011 (0.000 to 0.014) 
0.008 (0.000 to 0.009) 
0.010 (0.007 to 0.012) 
0.013 (0.010 to 0.015) 
0.016 (0.013 to 0.019) 
0.013 (0.011 to 0.016) 
0.015 (0.013 to 0.018) 
0.015 (0.010 to 0.021) 
0.017 (0.015 to 0.019) 
0.016 (0.012 to 0.020) 
0.016 (0.012 to 0.018) 
0.011 (0.008 to 0.013) 
0.013 (0.000 to 0.021) 
0.013 (0.011 to 0.014) 
0.014 (0.011 to 0.016) 
0.015 (0.012 to 0.017) 
0.011 (0.000 to 0.014) 
0.009 (0.000 to 0.010) 
0.010 (0.007 to 0.012) 
0.014 (0.010 to 0.016) 
0.017 (0.014 to 0.019) 
0.013 (0.010 to 0.015) 
0.016 (0.013 to 0.018) 
0.016 (0.011 to 0.020) 
0.017 (0.014 to 0.019) 
0.016 (0.012 to 0.021) 
0.016 (0.012 to 0.018) 
0.011 (0.009 to 0.013) 
0.014 (0.000 to 0.021) 
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Table A.5: Daytime (11 UTC to 1 UTC) average, minimum and maximum specific 
humidity (q) using calculation method 1 (Equation 4) and 2 (Equation 5) for irrigated and 
non-irrigated sites during IOP 2. Values correspond to Figure 4.3. Note: specific humidity 
is unitless. 
IOP #2 – Irrigated vs. Non-Irrigated Full Day Average Specific Humidity (q) 
 Date Method #1 Method #2 
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
0.018 (0.013 to 0.022) 
0.017 (0.014 to 0.019) 
0.018 (0.014 to 0.020) 
0.018 (0.014 to 0.021) 
0.016 (0.011 to 0.019) 
0.016 (0.012 to 0.019) 
0.016 (0.013 to 0.018) 
0.017 (0.014 to 0.020) 
0.014 (0.009 to 0.018) 
0.015 (0.011 to 0.019) 
0.014 (0.010 to 0.022) 
0.013 (0.010 to 0.016) 
0.014 (0.012 to 0.017) 
0.014 (0.012 to 0.016) 
0.013 (0.010 to 0.016) 
0.015 (0.009 to 0.022) 
0.018 (0.013 to 0.022) 
0.016 (0.013 to 0.019) 
0.017 (0.014 to 0.020) 
0.018 (0.014 to 0.021) 
0.015 (0.011 to 0.019) 
0.016 (0.012 to 0.019) 
0.016 (0.013 to 0.018) 
0.017 (0.014 to 0.020) 
0.014 (0.009 to 0.017) 
0.015 (0.011 to 0.019) 
0.014 (0.010 to 0.022) 
0.013 (0.010 to 0.015) 
0.014 (0.012 to 0.016) 
0.014 (0.012 to 0.016) 
0.013 (0.010 to 0.015) 
0.015 (0.009 to 0.022) 
Non-
Irrigated 
7/16/2018 
7/17/2018 
7/18/2018 
7/19/2018 
7/20/2018 
7/21/2018 
7/22/2018 
7/23/2018 
7/24/2018 
7/25/2018 
7/26/2018 
7/27/2018 
7/28/2018 
7/29/2018 
7/30/2018 
Full IOP 
0.018 (0.015 to 0.020) 
0.015 (0.014 to 0.017) 
0.017 (0.013 to 0.019) 
0.017 (0.012 to 0.020) 
0.015 (0.011 to 0.018) 
0.015 (0.013 to 0.017) 
0.014 (0.012 to 0.016) 
0.016 (0.013 to 0.018) 
0.013 (0.010 to 0.015) 
0.014 (0.011 to 0.017) 
0.013 (0.010 to 0.015) 
0.012 (0.009 to 0.014) 
0.014 (0.012 to 0.015) 
0.013 (0.011 to 0.015) 
0.013 (0.000 to 0.015) 
0.014 (0.000 to 0.020) 
0.018 (0.014 to 0.020) 
0.015 (0.014 to 0.017) 
0.016 (0.013 to 0.021) 
0.017 (0.014 to 0.020) 
0.014 (0.010 to 0.017) 
0.015 (0.013 to 0.016) 
0.014 (0.012 to 0.016) 
0.016 (0.013 to 0.018) 
0.013 (0.010 to 0.015) 
0.014 (0.011 to 0.017) 
0.013 (0.011 to 0.015) 
0.012 (0.009 to 0.014) 
0.013 (0.012 to 0.015) 
0.013 (0.011 to 0.015) 
0.012 (0.000 to 0.015) 
0.014 (0.000 to 0.021) 
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Table A.6. Average PBL Heights for DOW 6, 7, 8, Rogers Farm and the York Airport 
during IOP 1. Values correspond to Figure 4.12. 
 DOW 6 DOW 7  DOW 8 DOW 
Average 
Rogers 
Farm 
York 
Airport 
1100 UTC  597    553.5 
1300 UTC 580.67 608.33 609.5 590.7 513 638.36 
1500 UTC 872.43 918.36 891.6 885.55 740.1 936.73 
1700 UTC 1386.73 1441.08 1497.58 1389.94 1302.92 1349.08 
1900 UTC 1747.08 1738.27 1737.78 1738.8 1580.5 1331.2 
2100 UTC 1772.18 1858.7 2177.38 1947.27 1414.44 1474.09 
2300 UTC 1712.64 1754.86 1790.63 1725.32 1314.43 1827 
0100 UTC 558.5 933.13 1159.8 966.44  904.56 
 
Table A.7. Average PBL Heights for DOW 6, 7, 8, Rogers Farm and the York Airport 
during IOP 1. Values correspond to Figure 4.12. 
 DOW 6 DOW 7  DOW 8 DOW 
Average 
Rogers 
Farm 
York 
Airport 
1100 UTC 507 591 546 549 417  
1300 UTC 582.17 617.86 546 586.13 432.55 636.43 
1500 UTC 804.55 840.22 684 765.68 720 901.25 
1700 UTC 1209.43 1212.91 1209 1119.83 1043.93 1143.64 
1900 UTC 1289.55 1467.9 1317.58 1347.71 1183.64 1170.67 
2100 UTC 1290.23 1239.89 1365.2 1344.3 1207 1132 
2300 UTC 1321.73 1402.62 1248.36 1269.67 980.62 1210.33 
0100 UTC 742.25 855 726.11 814.33 502 640.5 
 
